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–It would be the death of you to come with me, SAM,–
said Frodo– and I could not have borne that.
–Not as certain as being left behind– said SAM.
–But I am going to Mordor.
–I know that well enough, Mr. Frodo. Of course you
are. And I’m coming with you.
— SAMwise Gamgee and Frodo Baggins
The Lord of the Rings, J. R. R. Tolkien
Preface
While the observation of the Higgs Boson at the Large Hadron Collider (LHC)
completes the Standard Model, it is not the end of the story at all. Vibrant times
concerning particle physics are to come, mainly in two directions. The first one is
the SM precision calculations that could be tested as the experimental technology
improves. This topic is not going to be covered in this thesis. The second one is to
spot the aspects where the Standard Model fails and look for an explanation. This
PhD thesis is focused on the second path i.e. the study of New Physics models that
could solve some of the theoretical questions together with some of the experimental
hints of physics beyond the Standard Model. The dissertation is divided in four parts.
With the goal of being as much self-contained as possible, part I contains all the
theoretical foundations in which the thesis is based. This part also sets the notation
that will be used. Chapter 1 contains a general overview of the Standard Model.
After that, in chapter 2, the general Two Higgs Doublet Model is introduced and
the notation concerning this class of models is set. This chapter also includes a
review of some of the most studied types of Two Higgs Doublet Models.
Part II is dedicated to the theoretical aspects of the works developed during
the doctoral period [1–3, 5]. More precisely, in chapter 3 we study the one loop
renormalization group evolution of the simultaneous diagonalizability condition
of the two Yukawa matrices (in the quark sector). Such condition would prevent
the appearance of Flavor Changing Neutral Couplings. Chapter 4 contains a
generalization of the so called Branco-Grimus-Lavoura models. In chapter 5, our
most recent work is presented. There we propose a framework, based on the same
symmetry that generates the generalized Branco-Grimus-Lavoura model, in which it
1
2 List of Abbreviations
is possible to relate the complex phases of the quarks and leptons mixing matrices.
Chapter 6 contains a systematic analysis of the different flavor structures obtained
once extra abelian symmetries have been introduced into Two Higgs Doublet Models.
Part III is dedicated to the phenomenological aspects of the thesis. Chapter
7 collects all the different experimental observables that are going to be used as
constraints in the fits presented in this part. The first analysis, presented in chapter
8, studies the general phenomenology of the generalized Flavor Conserving models
introduced in chapter 3. Finally, in chapter 9 we show how one of the models
presented in chapter 3 can reproduce both the electron and muon (g − 2) anomalies.





–Snow’s all right on a fine morning, but I like to be
in bed while it’s falling
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
1
The Standard Model
The Standard Model (SM)[7–10] of particle physics is currently the simplest and
most successful theory that can explain the fundamental matter content and its
interactions. The SM Lagrangian is invariant under the local symmetry group
SU(3)c × SU(2)L × U(1)Y making it a gauge theory. The elementary particles,
which are the fundamental degrees of freedom, can be classified into fermions (quarks
and leptons) with spin 1/2 and bosons (gauge and Higgs bosons) with spin 1 and
0 respectively, that are representations of the Lorentz symmetry. These features
provide a complete framework that is capable of explaining and predict in great
detail most of the results obtained from the performed experiments. Therefore,
the SM is seen as one of the greatest achievements in Modern Physics. In this
chapter the theory will be briefly reviewed firstly. Then, both the most important
phenomenological results as well as the open questions will be presented. For a
full review of the SM see Refs. [11–13].
1.1 The SM particle content and interactions
The Standard Model is a gauge theory, based on the symmetry group SU(3)c ×
SU(2)L × U(1)Y which describes the interactions between the fundamental matter
content. These fundamental matter bricks are the elementary particles that can
5
6 1.1. The SM particle content and interactions
Table 1.1: Elementary particles of the Standard Model [14]
be divided in two groups based on their charge under the SU(3)c group, quarks
and leptons. Both of them are fermions which mean that they have spin 1/2 and
form what it is called the observable matter. Fermions interact with each other via
exchange of bosons (spin 1 and 0) associated to the different forces. Fermions appear
with a defined chirality in five different representations of the SM symmetry group.
Left-handed fermions form SU(2)L doublets while their right-handed partners are










) , `0R .
(1.1)
For every fermion in Eq. (1.1) there are three different copies, usually known as
families or flavors. In table 1.1 all the flavors for both quarks and leptons can
be found. Each copy has the same quantum numbers except for the mass, in
other words, as we will see in following sections, that they have the same gauge
interactions but different Yukawa couplings. The fact that gauge interactions among
the different families are equal is known as flavor universality.
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Type Particle SU(3)c SU(2)L U(1)Y
Quarks
QL 3 2 1/6
uR 3 1 2/3
dR 3 1 -1/3
Leptons LL 1 2 -1/2
`R 1 1 -1
Higgs Φ 1 2 1/2
Table 1.2: Charges of the quarks, leptons and Higgs under the SM symmetry group.
The rest of the particles in table 1.1 are bosons which are responsible for the
interaction between particles such as the Higgs or gauge bosons. The matter
particles interact with each other via exchange of one of these bosons. As will
be explained in following sections, bosons can interact with themselves as well.
The gauge fields are defined in terms of the SM symmetry group generators. The
SU(3)c has eight generators so there are eight massless gluons (Gαµ). Associated to
the SU(2)L × U(1)Y there are four bosons, the massless photon (Aµ), the mediator
of electromagnetism, and the W ±µ and Zµ massive bosons that carry the weak force.
The interaction between quarks and gluons is described by Quantum Chromo-
dynamics (QCD) the non-abelian gauge theory based on the SU(3)c group. QCD
will be briefly reviewed in section 1.1.1. Weak and electromagnetic interactions are
unified in the so-called Electroweak (EW) theory, discussed in section 1.1.2. In table
1.2 the charges of the fermions and the Higgs boson under the SM symmetry
group can be found.
1.1.1 Quantum Chromodynamics
The non-abelian gauge theory that rules the interactions among quarks via exchange
of gluons is known as Quantum Chromodynamics [15–18]. As it is shown in table
1.1 there are six different quark flavors, three with electric charge (in units of minus
the electron charge) equals 2/3 (up, charm and top) and three with -1/3 (down,
strange and bottom). Each of them can carry three different colors (NC = 3) where
color is the name that the number of degrees of freedom in the quark multiplet
of the SU(3)c group receives.
8 1.1. The SM particle content and interactions
The quarks’ free Lagrangian reads
L0 =∑
f
q̄f (i /∂ −mf) qf , (1.2)
where qf is a three-dimensional vector in color space and f runs over the six










U = exp [iλaθa2 ] , (1.4)
is an SU(3)c rotation and λa the eight Gell-Mann matrices that are the generators
of the group in the fundamental representation and θa are eight arbitrary constants.
We are assuming summation over the repeated indices, which in this case is color.
However, the Lagrangian in eq. (1.2) is not invariant under local transformations of
this symmetry. This feature can be achieved by promoting the partial derivative to
a covariant derivative. This process of promoting the derivative is usually mentioned
as to gauge the Lagrangian since it is done to preserve local gauge symmetry in
the Lagrangian The introduction of a spin-one field for each of the generators
of the group is needed, that is, the gauge bosons that in the case of QCD are
the gluons Gαµ. The covariant derivative




2 ) , (1.5)









q̄f (i /D −mf) qf , (1.6)







and fαβγ the totally antisymmetric structure constants of SU(3)c . This new
derivative is responsible for the generation of the interaction terms among gauge fields
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and fermions which are proportional to the gauge coupling gc. These interactions
are flavor universal, i.e. they are the same for all the fermion families. The first
term in eq. (1.6) correspond yo the (gauge invariant) gluon kinetic term.
1.1.2 Electroweak theory
The electroweak [7–9] theory unifies both electromagnetic and weak interactions
under the structure of the group SU(2)L × U(1)Y . Analogously to the case of
QCD, the interactions in the EW sector are mediated by gauge bosons, photons
for the electromagnetic interactions and the W ± and Z0 for the weak ones. For






) , Q2 ≡ d
0
R , Q3 ≡ u
0
R ,
L1(x) ≡ LL = (
ν0L
`0L













L̄j /∂Lj , (1.9)
invariant under global G ≡ SU(2)L × U(1)Y transformations
Q1(x) Q′1(x) = exp [iY
q
1 β]ULQ1(x) ,
Q2(x) Q′2(x) = exp [iY
q
2 β]Q2(x) ,
Q3(x) Q′3(x) = exp [iY
q
3 β]Q3(x) ,
L1(x) L′1(x) = exp [iY `1 β]ULL1(x) ,







where UL is an SU(2)L transformation defined by




being σj the Pauli matrices that are the generators of the SU(2)L group in the
doublet representation and αj and β arbitrary constants. Transformation UL is
non-abelian and only acts on left-handed doublets. The hypercharge Y fj is the
charge under the U(1)Y transformation named in this way by analogy with the
10 1.1. The SM particle content and interactions
Quantum Electrodynamics (QED) electric charge. At this point it is important
to notice that there is no mass term in the Lagrangian in eq. (1.9). The only way
of having a Dirac mass term is by mixing left-handed doublets with right-handed
singlets, and that would break the symmetry.
We must require now the Lagrangian to be invariant under local SU(2)L × U(1)Y
gauge transformations. This is achieved substituting αj → αj(x) and β → β(x).
As in the QCD case, in order to keep the Lagrangian invariant under these new
transformations, it is required to gauge it by promoting the partial derivatives to
covariant ones. Now, as was anticipated before, four gauge bosons are needed
since SU(2)L has 3 generators and U(1)Y has one generator. The covariant
derivatives read
DµQ1(x) ≡ (∂µ + igW̃µ(x) + ig
′Y q1 Bµ(x))Q1(x) ,
DµQ2(x) ≡ (∂µ + ig
′Y q2 Bµ(x))Q2(x) ,
DµQ3(x) ≡ (∂µ + ig
′Y q3 Bµ(x))Q3(x) ,
DµL1(x) ≡ (∂µ + igW̃µ(x) + ig
′Y `1Bµ(x))L1(x) ,
DµL2(x) ≡ (∂µ + ig
′Y `2Bµ(x))L2(x) ,
(1.12)
where W̃µ(x) = σj2 W
j
µ(x) and g and g′ are the SU(2)L and U(1)Y couplings
respectively. The definition of the covariant derivatives automatically fixes the
transformation of the gauge fields under the symmetry group













where UL(x) is just the substitution of αj by αj(x) in eq. (1.11). Now, in order to
build a gauge invariant kinetic term, we must define the field strengths
W̃µν ≡ ∂µW̃ν − ∂νW̃µ + ig [W̃µ, W̃ν] ,
Bµν ≡ ∂µBν − ∂νBµ ,
(1.14)











µ − g ε
ijkWµ,jWν,k , (1.15)
















Figure 1.1: Charged current vertices [19]
being εijk the totally antisymmetric tensor. Here, W̃µν transforms in a covariant
way under G transformations while Bµν remains invariant
W̃µν W̃ ′µν ≡ ULW̃µνU
†
L , Bµν B
′
µν ≡ Bµν .
G G (1.16)


















L̄j /DLj . (1.17)
This Lagrangian generates cubic and quartic self interactions among gauge bosons.
Furthermore, it contains charged and neutral fermionic currents

















which are going to be studied in the following.
Charged Currents
The EW Lagrangian in eq. (1.18) contains interactions between fermions and W ±
bosons known as charged currents. In order to preserve electric charge, these terms
must couple fermions of different charge, that is, an up-type and a down-type quark
(figure 1.1 left) or a charged lepton with a neutrino (figure 1.1 right). These currents
























Figure 1.2: Neutral current vertices
where W 1µ and W 2µ are combined into Wµ ≡ (W 1µ + iW 2µ) /
√
2 and its hermitian-
conjugate W †µ ≡ (W 1µ − iW 2µ) /
√








µPL`] + h.c.} , (1.20)
where PL is the left-handed chirality projector
PL =
1 − γ5
2 , PR =
1 + γ5
2 . (1.21)
These terms correspond to the Feynman diagrams in figure 1.1 . It is important to
notice that, for the moment we cannot use these vertices to explain the observed
dynamics since we have not been able to build a mass term neither for the gauge
bosons nor for the quarks and charged leptons and we know from experiments
[20] that all of them have a non-zero mass.
Neutral Currents
In addition to the charge currents just presented, the Lagrangian in eq. (1.18) also
contains terms that do not mix fermions of different charges. Those ones are known
as neutral currents and are mediated by the photon (γ) and Z0 neutral gauge
bosons. After identifying the terms involving W 1µ and W 2µ with the charged currents,
the remaining ones are those that involve W 3µ and Bµ. It is not straightforward to
identify the photon with Bµ even though both Bµ and QED photon are the gauge
bosons of a U(1) group. This can be easily understood by noticing that photons
must couple in the same way to both fermion chiralities. In order to achieve that
1. The Standard Model 13




3 and Y `1 = Y `2 = Y `3 as
well as g′Y fj = eQ
f
j (with Q the electric charge) which cannot be simultaneously





cos θW sin θW





where θW is known as the weak angle. This transformation makes the Lagrangian








2 sθW + g
′Y qj cθW ] + γ
µZµ [g
σ3
2 cW − g








2 sθW + g
′Y `j cW ] + γ
µZµ [g
σ3
2 cW − g
′Y `j sθW ]}Lj ,
(1.23)
where for compactness we have defined cW ≡ cos θW and sW ≡ sin θW Now, if we
want that the field Aµ describes the QED photon, we must match the couplings
g sin θW = g′ cos θW = e and Y = Q − T3 , (1.24)




) , Q2 ≡ Qd(`) , Q3 ≡ Qu . (1.25)
Eq. (1.24) provides the desired relation between SU(2)L × U(1)Y couplings and
electromagnetism and fixes the hypercharge in terms of the electric charge and the
weak isospin. Thus, the hypercharges, as was anticipated in table 1.2, read
Y q1 = {














3 = Qu =
2
3 ,
Y `1 = {










, Y `2 = Q` = −1 .
(1.26)
At this point it is interesting to notice that if we had included a right-handed
neutrino both the electric charge and the hypercharge would have equaled zero.
That means that it does not couple to any other field neither via charged currents
nor neutral currents. In QED the right neutrino field would be sterile and for
that reason, along with the fact that historically neutrinos where assumed to be
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massless1, a right-handed neutrino was not included in the SM context. All the









where ψf represents the five possible fermions fields QL, LL, uR, dR and `R. The
Zµ boson part has the well-known V-A (vector minus axial) structure
L ZNC =
e
2 sin θW cos θW
Zµ∑
f
f̄γµ (vf − afγ5) f , (1.29)
where the vector coupling is defined as vf ≡ T f3 (1 − 4∣Qf ∣ sin2 θW ) and the ax-
ial as af ≡ T f3 .
At this point it is important to remember that we may have been missing
something. It is known that the W ± and Z0 bosons are massive but in the EW
Lagrangian in eq. (1.17) there is no possible mass term for these fields without
breaking the symmetry. This problem is solved through the Brout-Englert-Higgs2
[22, 23] and it will be presented in section 1.1.3.
Gauge Sector
In addition to charged and neutral currents just reviewed, the Lagrangian in
eq. (1.17) contains gauge boson self-interactions, in particular there are cubic and
quartic vertices (see figure 1.3). The Lagrangian for the cubic interactions reads





+ie{(∂µW ν − ∂νW µ)W †µAν − (∂




µAν − ∂νAµ)} ,
(1.30)
1Without a right-handed neutrino a Dirac mass term cannot be built but being the neutrino a
chargeless particle we can add a Majorana mass term, via a non-renormalizable interaction, (that
violates lepton number conservation) to the Lagrangian.
2Some authors refers to this as the Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism
giving credit to a slightly later, but independent, contribution of Guralnik, Hagen and Kibble[21].












Figure 1.3: Gauge bosons cubic and quartic self interactions










− e2 cot2 θW {W †µW µZνZν −W †µZµWνZν} . (1.31)
1.1.3 The Scalar Sector
As mentioned above, the EW theory cannot explain by its own that the W ± and Z
bosons are massive as experimental evidence dictates. The insertion of a mass term
would break the gauge symmetry making the Lagrangian non-renormalizable. This
problem will be solved in this section with what is called Spontaneous Symmetry
Breaking (SSB)[21–24]. As we will see, the Lagrangian will remain invariant under
the symmetry group but the state with minimal energy will be degenerate. If one
of the set of degenerate states is arbitrarily selected as the ground state of the
system, the symmetry will be spontaneously broken. In Quantum Field Theory,
the fact that there are flat directions connecting the different minima implies
the existence of massless degrees of freedom. This result is known as Goldstone
theorem [25, 26] and it is going to be reviewed in general next. After that, it
will be applied to the EW theory.
Goldstone Theorem
Let us study the Lagrangian of a complex scalar field Φ(x)
L = ∂µΦ†∂µΦ − V (Φ), where V (Φ) = µ2Φ†Φ + λ (Φ†Φ)
2
, (1.32)
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being λ and µ arbitrary parameters. This Lagrangian is invariant under global
phase transformations of the scalar field
Φ(x)→ Φ′(x) ≡ exp[iθ]Φ(x) , (1.33)
where θ is an arbitrary constant. We must require the parameter λ to be positive
in order to have a ground state in the potential V (Φ). There are two possibilities
depending on the value of µ2.
• If µ2 > 0 the potential only has the minimum Φ = 0. The Lagrangian contains
two terms, a mass term with mass equals µ for the scalar field Φ and a quartic
self-interaction term with coupling λ.












The invariance under phase transformations provokes the existence of infinite
ground states Φ0(x) = v√2 exp[iθ] with the same energy.
We are interested in the second scenario (µ2 < 0). By choosing one of the possible
states, for simplicity Φ0(x) = v√2 the symmetry breaks spontaneously. It is possible
to parametrize the scalar field as excitations over the ground state
Φ(x) = v + ρ(x) + iη(x)√
2
, (1.35)
where now ρ(x) and η(x) are real scalar fields. If we expand the potential in
term of the real fields
V (ρ, η) = −
λ
4v






we can clearly see that while there is a mass term for ρ with mass m2ρ = −2µ2
there is not such a term for η. That is, a massless particle has emerged after SSB.
This is easy to understand (see 1.4) since η is describing excitations around a flat
direction in the potential i.e. from one ground state to another. These transitions
do not cost any energy so they correspond to massless states. This is a general
result and it is known as Goldstone Theorem [25, 26]
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Figure 1.4: Higgs potential for the µ2 < 0 case. The horizontal lines correspond to the
flat directions.
If a Lagrangian is invariant under a continuous symmetry group G,
but the vacuum is only invariant under a subgroup H ⊂ G, then there
must exist as many massless spin-0 particles (Nambu-Goldstone bosons)
as broken generators ( i.e. generators of G which do not belong to H).
Brout-Englert-Higgs mechanism
Let us remember that our goal was to generate masses for the gauge bosons. It is
clear that the Goldstone theorem as it is formulated in the previous section cannot
do this for us given that it generates massless fields. However, when a local gauge
symmetry, instead of a global one, is broken we can achieve our goal. The simplest
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and the gauged Lagrangian
LS = (DµΦ)†DµΦ − µ2Φ†Φ − λ(Φ†Φ)2 , (λ > 0, µ2 < 0),
DµΦ = (∂µ + igW̃ µ + ig′YΦBµ)Φ,
(1.38)
that is invariant under SU(2)L × U(1)Y transformations. Requiring that the
photon Aµ does not couple to ϕ0 and that ϕ+ has the right electric charge, the
hypercharge of the doublet is fixed
YΦ = QΦ − T3 =
1
2 . (1.39)
As in the case studied in the Goldstone theorem (eq. (1.36)), the scalar potential
has an infinite set of minima


















being v the vacuum expectation value (VEV). Here, since the electric charge must be
conserved, the VEV of the charged field must vanish so only the neutral component
can acquire a vacuum expectation value different from zero. Thus, the original
SU(2)L × U(1)Y symmetry group gets broken to the electromagnetic U(1)Q.
At the beginning, the Lagrangian was symmetric under SU(2)L × U(1)Y
that has four generators, three corresponding to SU(2)L and one from the U(1)Y
symmetry group. After spontaneously breaking the symmetry we end up with just
one unbroken generator from the U(1)Q group, that is, three generators have been
broken. Attending to the Goldtone theorem, three massless Goldstone bosons will
arise. But now we can parametrize the doublet as excitations around the vacuum
Φ(x) = ( ϕ
+(x)
1√
2 (v + ρ(x) + iη(x))
) , (1.42)
or analogously







v + h(x)) , (1.43)
1. The Standard Model 19
where h(x) is a real scalar field as well as θj(x) that are precisely the Goldstone
bosons. But now, as we saw in eqs. (1.10)–(1.11), by a local SU(2)L transformation
it is possible to gauge away any dependence on θj(x) by
Φ(x) HSM(x) = exp [iσj2 αj(x)]Φ(x) ,
SU(2)L (1.44)
and matching αj(x) = −θj(x). Here we have chosen a particular gauge which is







v + h(x)) . (1.45)
It might seem that there are three missing degrees of freedom but if we expand
the kinetic term of the Lagrangian in eq. (1.38) in terms of the real scalar field














we can see that mass terms for the W and Z gauge bosons have appeared. That
is to say, the degrees of freedom from the would-be Goldstone bosons become
the longitudinal polarizations of the W ± and Z0 gauge bosons. The masses are
related by the weak mixing angle
MW =
1
2vg =MZ cos θW . (1.47)
Moreover the Brout-Englert-Higgs [21–23] mechanism predicts the appearance of a





































































Figure 1.5: Higgs couplings to the gauge bosons
The Higgs mechanism implies the existence of the Higgs boson but it does not
predict its mass, that is, it is a free parameter of the theory. In figure 1.5 the
vertices that involve the Higgs and gauge bosons described by the Lagrangian
in eq. (1.49) can be found.
The Higgs boson was the last missing particle predicted by the Standard Model.
It was discovered in 2012 by ATLAS [27] and CMS [28]. As we have seen, it was
a crucial piece since it was necessary to explain the gauge bosons masses. The
Higgs boson does not only accomplish this mission but also it is necessary to build
the structures that provide mass to the fermions. Without the scalar doublet,
a fermionic mass term in the Lagrangian would break gauge invariance. This is
going to be reviewed in the next section.
Yukawa Sector
The straightforward way of explaining fermion masses is by introducing a mass
term in the Lagrangian of the form
Lm = −mψ̄ψ = −m (ψ̄LψR + ψ̄RψL) , (1.51)
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but this structure, that mixes left and right-handed fields which are in different
SU(2)L representations is not invariant under gauge symmetry transformations.
Nevertheless, and making use of the Higgs doublet introduced in the previous section,
it is possible to build fermion-scalar couplings that are gauge invariant and read
LY = −Q̄
0
L YdΦ d0R − Q̄0L YuΦ̃ u0R − L̄0L Y`Φ `0R + h.c. , (1.52)

























R} + h.c. , (1.55)














that are 3 × 3 matrices since there are three flavors of each fermion type. These
mass matrices are not, in principle, diagonal, what adds a total of 54 new real
parameters coming from nine complex elements of each matrix.
The Lagrangians in eqs. (1.17)–(1.48) are invariant under what is known as
Weak Basis (WB) transformations. That is, transformations of the symmetry group
U(3)QL ×U(3)dR ×U(3)uR ×U(3)LL ×U(3)`R . However, the one in eq. (1.55) it is
not. This feature will be used to diagonalize the mass matrices absorbing some
of the parameters into the fermionic fields.
As we know experimentally [20] that none of the quark neither the charge
lepton masses are zero, the rank of the mass matrices in eq. (1.56) must be three.
That is their determinant cannot vanish det(M0f) ≠ 0. Any complex square matrix
can be polar decomposed as
M0f = Hf Sf , (1.57)
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where Hf is a positive semidefinite hermitian matrix and Sf a unitary matrix. As






and can be diagonalized by a unitary matrix UfL as




being Mf a diagonal matrix with all its elements positive. Thus, the diagonal
mass matrix reads
Mf = U †fLHf UfL = U
†
fL
M0f UfR , (1.60)
where UfR = S
†
f UfL is also a unitary matrix. The diagonal mass matrices for
each fermion type are
Md = U †dLM
0
d UdR = diag(md,ms,mb) ,
Mu = U †uLM
0
u UuR = diag(mu,mc,mt) ,
M` = U †`LM
0
` U`R = diag(me,mµ,mτ) .
(1.61)
Finally, thanks to WB invariance the fermion fields can be redefined in order to




















giving rise, already in the unitary gauge, to
LY = −(1 +
h
v
){d̄′L VMd dR + ūL Mu uR + ¯̀L M` `R} + h.c. , (1.63)
where we have introduced the Cabibbo-Kobayashi-Maskawa (CKM)[29, 30] matrix
V ≡ U †uLUdL as the clash between the left-handed matrices needed to bring to its
diagonal forms Md and Mu, the quark mass matrices. The entries of the CKM
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Therefore from the flavor structures in the quark sector we are left just with
the quark masses (inside Md and Mu) and the CKM matrix V . The traditional way




that is not a WB transformation. Therefore V will become observable in general.
In particular V will appear in the charged currents but not in the neutral. In
the leptonic sector we have managed to diagonalize the mass matrix with a WB
transformation because neutrinos are massless.
In this basis where the mass matrices are diagonal, the neutral currents La-
grangian in eq. (1.27) does not change since f̄ 0Lγµf 0L = f̄LγµfL and f̄ 0Rγµf 0R = f̄RγµfR.
However, the charged currents in eq. (1.20) do change given that
ū0Lγµd
0
L = ūL U
†
uL
γµ UdLdL = ūLγµV dL . (1.66)































At this point it is important to remember that in the SM framework the neutrinos
are assumed to be massless. For this reason, it is always possible to rotate the lepton
fields in the flavor space in order to eliminate the analogous to the CKM matrix for
the leptonic sector. In the lepton sector we can diagonalize all the flavor structures
with a WB transformation. That means that flavor is conserved in the SM leptonic
sector if neutrinos are massless. We will see in 1.2 that in fact, neutrinos are not
massless particles and then a mixing matrix will appear. This matrix is known as
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [31, 32].
The CKM matrix is a unitary matrix so in principle it contains nine real
parameters, three moduli and six phases. Nevertheless, not all of them are physical
since it is always possible to choose arbitrary quark phases by
uj → exp[iθj]uj , dk → exp[iωk]dk , (1.68)
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Collaboration λ A ρ̄ η̄
CKMfitter[34] 0.224837+0.000251−0.000060 0.8235+0.0056−0.0145 0.1569+0.0102−0.0061 0.3499+0.0079−0.0065
UTfit [35] 0.22534 ± 0.00065 0.821 ± 0.012 0.132 ± 0.023 0.352 ± 0.014
Table 1.3: Experimental values for the Wolfenstein parameters from flavor fits where
the barred parameters are defined as (ρ̄, η̄) = (1 − λ2/2)(ρ, η).
that transform the CKM matrix as Vjk → exp[i(ωk − θj)]Vjk leaving only 1 physical
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following the Particle Data Group (PDG) advice [20]. Along this thesis, the





1 − λ22 λ Aλ3(ρ − iη)
−λ 1 − λ22 Aλ2





will also be used. The current experimental values for this parametrization can be
found in table 1.3. These values are obtained by CKMfitter [34] and UTfit [35]
performing a global fit to flavor observables. In this parametrization it is easy to
notice that the CKM matrix has a very hierarchical structure since it is written as an
expansion of a small parameter λ ≈ 0.23. Furthermore, we can directly see that flavor
changing transitions will be suppressed compared to the flavor conserving ones.
To sum up, when the three Yukawa matrices were introduced there were, in
principle, 54 real parameters but we have seen that thanks to the WB invariance
it is possible to reduce them to only 13 physical parameters coming from the nine
fermion masses, the three angles and one phase from the CKM mixing matrix. It is
important to notice as well that the complex CKM phase δ13 is the only complex
phase in the Standard Model Lagrangian which means that it is the only possible
source of CP violation. This fact was used to assume the existence of the third family
[30], given that a CKM matrix for two families does not have a complex phase.
Finally, it is important to realize that there are no tree-level Flavor Changing
Neutral Currents (FCNC) in the SM. Not only neutral currents coming from the
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photon and Z boson preserve flavor but also higgs-mediated interactions do. This
happens because once the mass matrices are diagonalized, there is no Yukawa
term that mixes different fermion families. The CKM matrix, which is the quark
mixing matrix, is only present in vertices mediated by the W ± bosons. At one loop
level, FCNC are very suppressed in the SM by the GlashowIliopoulosMaiani (GIM)
mechanism [10]. This strong suppression is also observed experimentally. In following
sections, we will see that this is a key feature when building NP models as the 2HDM.
Complete SM Lagrangian
In the previous sections, we have studied all the mechanisms that play a role in
the SM as well as the full Lagrangian by parts. Combining all of them, the
SM Lagrangian is obtained
LSM =LQCD +LEW +LS +LY +LGF +Lghost . (1.71)
The QCD Lagrangian can be found in eq. (1.6), the electroweak piece in eq. (1.17),
the corresponding part from the scalar sector in eq. (1.48) and the Yukawa term
in eq. (1.55). Here a gauge-fixing term has been added in order to avoid quadratic





























Moreover, the ghost Lagrangian, Lghost, must be included for consistency of
the theory [36].
1.2 Going beyond the Standard Model
The SM has overcome almost every single experimental test to which it has been
subjected. For this reason, it is said that it is the simplest and most successful theory
that can explain the fundamental matter content and its interactions. However,
the SM cannot be the ultimate theory since there are a few experimental and
theoretical aspects that it cannot explain. In recent times, some small deviations
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have also been found and even though they are not yet statistically significant, they
could be an open gate for a best and a more complete model. In this section, all
these hints will be briefly reviewed. There are some experimental measurements
that cannot be accounted for in the SM:
• Neutrino masses
As mentioned in section 1.1.3 neutrinos are massless particles in the SM.
However, in 1968 The Homestake chlorine solar neutrino experiment claimed
an deficit of electronic neutrinos (νe) coming from the Sun compared to the
prediction of the standard solar model. Since then, several experiments have
obtained a value below the expectations [37]. For example, the Sudbury
Neutrino Observatory showed evidence of neutrinos changing flavor inside
the sun core [38]. This has been also measured in more recent experiments
as Super-Kamiokande [39], KamLAND [40] and Borexino experiments [41].
There is another evidence of neutrino oscillations coming from atmospheric
neutrino experiments. In this case, there is a lack of muon-neutrinos (νµ)
reported by Super-Kamiokande [42], K2K [43] and MINOS [44].
The neutrino oscillations point to the existence of a unitary mixing matrix in
the leptonic sector analogous to the CKM matrix for the quark sector, that is,
the PMNS matrix [31, 32]. Moreover, neutrino oscillations also enforce non-
zero and different neutrino masses of at least two families since the probability
of oscillation is proportional to the squared-mass difference between neutrinos
and oscillations mixing the three families have been observed.
The SM can be enlarged with a right-handed singlet neutrino to build a Dirac
mass term as done for the rest of the fermions. However, this singlet would
not couple to the rest of the gauge sector, it is said to be sterile. If the
right-handed neutrinos do exist and they interact in any way, it should be via
some unknown dynamics. In addition to the Yukawa coupling, giving rise to





iRMij νjR + h.c. , (1.73)
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where ν̄ciR ≡ Cν̄TiR is the charged-conjugated neutrino field. This term violates
lepton number by two units.
Either neutrinos are Dirac or Majorana fermions, the fact that they are
massive and that there is no flavor conservation is outside the scope of the SM
and for that reason neutrinos are one strong motivation for physics beyond
the SM.
• B Meson Anomalies
Some flavor oriented experiments such as LHCb, Babar and Belle have
presented several experimental results in the B-meson decays that deviate
from the SM prediction. Although they are not statistically significant enough
to claim the discovery of physics beyond the SM there is a pattern among them
that has drawn the attention of the High Energy Physics (HEP) community.
The results points towards the possibility of large flavor universality violation.
These observables will be presented with greater detail in chapter 7.
• Electron and Muon g-2
After an improved determination of the fine structure constant [45], a new
anomaly has emerged [46] concerning the anomalous magnetic moment of
the electron ae = (ge − 2)/2: there is a discrepancy among the experimental





e = −(8.7 ± 3.6) × 10−13 . (1.74)
However, at the end of 2020, a new determination of the fine structure constant





e = (4.8 ± 3) × 10−13 . (1.75)
consistent with the SM prediction.
Another well-known and long standing anomaly concerns the anomalous





µ = (2.7 ± 0.9) × 10−9 . (1.76)
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Moreover, during the writing of this thesis, the Muon g-2 collaboration at






µ = (2.51 ± 0.59) × 10−9 . (1.77)
Again, the experimental deviations are not significant enough. The combi-
nation of both is close to the 4.1σ deviation what may point towards New
Physics (NP). These observables together with a model that can explain both
at the same time will be studied in chapter 9.
• Matter-antimatter Asymmetry
The observed universe is almost entirely composed of matter that cannot be
explained in the SM framework since it predicts that in the early universe
matter and antimatter should be created approximately in the same amount.
Moreover, even though CP violation could explain the present observations
starting from a symmetric universe at its origin, CP is not violated enough
in the SM. Furthermore, according to the Sakharov conditions [62] baryon
number should also be violated in order to explain the observations. An
explanation of this asymmetry thus requires an extension of the SM.
• Dark sector
According to cosmological measurements, only 5% of the observable universe
is made from regular matter, that is the one described by the SM in table
1.1. Around 26% must be what is called Dark Matter (DM) in order to
explain astrophysical and cosmological observations such as galaxy velocities,
gravitational lensing, cosmic microwave background and motion of galaxies
within galaxy clusters among others. This matter would not interact neither
electromagnetically nor strongly but rather gravitationally or weakly. More-
over, for the sake of understanding the acceleration rate of expansion of the
universe there must be a 69% additional unknown component that is called
dark energy.
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(a) CKM matrix pattern (b) PMNS matrix pattern
Figure 1.6: Measured hierarchical patterns of the CKM (1.6a) and PMNS (1.6b) matrices.
Elements with lighter indicate that are more suppressed as compared with the darker
ones. Figure from [63].
On the other hand, there are also some theoretical issues that motivate the
extension of the SM:
• Gravity
The SM does describe all fundamental interactions among particles but gravity.
It would be desirable to have a theory that is capable of describing all the
matter content and interactions, in order to do so, the SM should be extended
in order to provide a quantum description of gravity.
• The flavor puzzle
In the previous section, it was said that the third fermion family was
predicted [30] as a necessary condition to include CP-violation but there
is no fundamental reason to explain that there are only three families. There
is also no theoretical explanation of why the mass matrices for the quarks
and charged leptons and the CKM matrix follow hierarchical patterns but
the PMNS matrix and neutrino masses do not (see figure 1.6).
• The hierarchy problem
New physics may strongly contribute to radiative corrections to the Higgs
boson mass since these corrections would be proportional to the new mass
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scale. These huge corrections would be canceled by the mass parameter in the
Lagrangian in order to achieve the experimental value for the mass, 125GeV
which would lead to an uncomfortable fine tuning from the theoretical point
of view.
• The strong CP problem








where θ̄ = θ +Arg (det Mq) being Mq the quark mass matrix. Such a term is
CP-violating but there is no experimental evidence of CP-violation in the
strong sector. As there is no mechanism in the SM to forbid this term, the
fact that this coupling needs to be so small leads to a fine tuning problem.
Indeed, measurements of the neutron electric dipole moment set the bound
θ̄ ≲ 10−10 [64].
• Grand Unification
The interaction couplings run with the energy, that is they vary depending
on the energy scale at which they are measured. In the SM framework, the
three couplings of the strong and electroweak forces become approximately
equal at a very high energy. This feature may point to NP since it seems that
they could unify in a single force at that scale, just as it happens with the
electromagnetic and weak forces. The models that try to accommodate these
features are known as Grand Unified Theories (GUT).
–Don’t turn me into anything...unnatural.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
2
The Two Higgs Doublets Model
In 2012, ATLAS [27] and CMS [28] claimed the discovery of a scalar particle with
a mass of 125 GeV. The properties of this particle were compatible with the SM
Higgs. The Higgs boson was the last missing piece of the SM puzzle even though
it was predicted by Higgs [22], Brout and Englert [23] in 1964. This fact could be
seen as a closing door for New Physics, but it is not. Since the scalar sector is one
of the less known ones, it might happen that NP manifests there.
There is no theoretical reason that forbids the enlargement of the minimal SM
scalar sector. In fact there are plenty of NP models that require an enlarged scalar
sector like Supersymmetric models [65] and spontaneous CP violation (SCPV)
models [66–68]. Moreover, many extensions that solve the Baryon Asymmetry of
the Universe [69–71], the Dark Matter [72, 73] or the Strong CP [74, 75] problems
require a richer scalar sector than the SM one.
In particular, Two Higgs Doublet Models (2HDM) [66, 76, 77] are a simple and
popular class of extensions of the Standard Model. Besides the original motivation, in
particular the possibility of having spontaneous CP violation [66], extending the SM
scalar sector with a second doublet allows a number of interesting phenomenological
consequences. To name a few generic ones: the appearance of new fundamental
scalar particles, non-standard properties of the “quite Higgs-like” scalar discovered
at the LHC with a mass of 125 GeV [27, 78], and, related to them, a number of
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potential deviations in low energy processes with respect to SM expectations. They
have been the focus of intense scrutiny before and after the 2012 discovery [79–102].
Additional aspects, including DM candidates [72, 103] or sources of CP violation
in addition to the Cabibbo-Kobayashi-Maskawa matrix [34, 104, 105], of interest
for baryogenesis [69, 106, 107], provide further interest in 2HDM.
This chapter presents the general 2HDM, its Lagrangian as well as some well
known 2HDM models. It is organized as follows. In the next section, the 2HDM
scalar potential is presented. In section 2.2 the interactions among gauge bosons
and the new scalar particles are studied. This is followed by a detailed review
of the quark and lepton Yukawa sector in section 2.3. Finally, the most common
solutions to the appearance of dangerous Scalar Flavor Changing Neutral Couplings
(SFCNC) are presented in section 2.4 and section 2.5.
2.1 Scalar Potential
The scalar sector of the 2HDM consists of two SU(2) doublets with hypercharge





and with two of these doublets, the most general renormalizable scalar potential
invariant under SU(2) × U(1)
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1Φ2) + h.c.] , (2.2)
where the parameters µ12 and λ5,6,7 can be complex but µ211, µ222 and λ1,2,3,4 must
be real to preserve hermiticity. That is a total of fourteen real parameters, six
from real ones and eight coming from the complex parameters. However, it can
be proved [108, 109] that the freedom to redefine the basis leads to having only
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eleven physical (real) parameters. The appropriate vacuum expectation values for
















where we can set one of the complex phases to zero by rephasing the scalars fields.
These VEVs vj of the scalar fields Φj are in general non-vanishing; expanding
around the vacuum,













) , with Rβ = (
cβ sβ
−sβ cβ
) , RTβ =R
−1
β , (2.5)
in such a way that only one of the scalar doublets has a non-vanishing vacuum
expectation value: ⟨H1⟩ = v√2 (
0
1 ), ⟨H2⟩ = ( 00 ) where we have defined v21 + v22 = v2 =
1√
2GF
. In eq. (2.5), we have used cβ ≡ cosβ = v1/v and sβ ≡ sinβ = v2/v. Expanding





























The Electroweak Symmetry Breaking described in section 1.1.3 is then realized
through the H1 doublet where the would-be Goldstone bosons G0, G± can already
be identified. Each complex doublet has four degrees of freedom, associated with
the real and imaginary part of each component, thus for two doublets it makes a
total of eight. The three degrees of freedom from the charged and neutral Goldstone
bosons are absorbed after EWSB to give mass to the W± and Z gauge bosons. The
five remaining degrees of freedom appear as five physical particles, two charged
scalars (H±) that can be already identified in eq. (2.6), and three neutral scalars.
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These neutral scalars {H0,R0, I0} are not, in general, the mass eigenstates.












































1H2) + h.c.] . (2.8)
The relation between different basis can be found in Ref. [108, 109]. For the vacuum
state to be a stability point of the potential, the linear terms in the neutral scalars








Applying these conditions (eq. (2.9)) to the potential and expanding in the fields it

















with m2H± = m222 +
v2λ3








v2 λ̄1 v2 Re (λ̄6) −v2 Im (λ̄6)
v2 Re (λ̄6) m2H± +
v2
2 [λ̄4 +Re (λ̄5)] −
v2
2 Im (λ̄5)
−v2 Im (λ̄6) −v
2
2 Im (λ̄5) m2H± +
v2








and given that theM2 matrix is symmetric it is diagonalized by an orthogonal rota-
tion
M2 =R[3](α⃗)diag (m2h,m2H,m2A)R[3](α⃗)T , (2.12)
where R[3](α⃗)T =R[3](α⃗)−1. Thereby the transformation R[3](α⃗) relates the neutral
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Being R[3](α⃗) a real orthogonal rotation it can be described by three real mixing






























It is interesting to study the limit where there is no CP violation in the scalar
potential, i.e. no mixing connecting the CP-even H0, R0, and the CP-odd I0, so
















where sαβ = sin(α + β) and cαβ = cos(α + β) (that is, α13 = α23 = 0 and α12 =
π/2−(α+β) in Eq. (2.14)). The field I0 is now the mass eigenstate A. Since a ± sign
can be included in the definition of the scalar fields without changing their kinetic
terms, different conventions for Eqs. (2.14)–(2.15) are used in the literature, which
may be relevant when comparing expressions. If the scalar potential does not add new
sources of CP violation, that means that the parameters that in principle could be
complex (λ̄5, λ̄6 and λ̄7) must be real (Im (λ̄5) = Im (λ̄6) = Im (λ̄7) = Im (m212) = 0).
2.2 Gauge Sector
As it was shown in section 1.1.3 once SSB is realized, interaction terms connecting the




















=LV 2 +LS2 +LSV +LS2V +LSV 2 +LS2V 2 , (2.17)
where the covariant derivative in terms of the physical photon (Aµ) and EW gauge
bosons (Wµ and Zµ) is given by
Dµ = ∂µ + ieQAµ + i
g
cos θW
Zµ (T3 −Q sin2 θW ) + ig (T+W †µ + T−Wµ) , (2.18)
1Here we are not including the terms connecting fermions and gauge bosons that generate
neutral and charged currents (eq. 1.18) since they are the same as in the SM.






(T1 ± T2) , Tj =
σj
2 . (2.19)
As in the SM (section 1.1.3), it is convenient to add a gauge-fixing term in order
to cancel quadratic terms mixing Goldstone and gauge bosons (LSV = 0) and
provide the gauge boson masses. The gauge fixing term in the Feynman-’t Hooft


















where we can see that M±G = mW = gv/2 and M0G = mZ = MW / cos θW . The other
quadratic terms do not vanish and they read










































Furthermore, the Lagrangian contains interaction terms that involve scalar and vec-
tor bosons
LS2V =ie [A




























































µ − gMZ sin2 θW ) (G+Wµ +G−W †µ) , (2.24)












µ] [h2 +H2 +A2 + (G0)2]









µ − tan θWZµ) [H0 (G+Wµ +G−W †µ) (2.25)
+R0 (H+Wµ +H−W †µ) + iI0 (H−W †µ −H+Wµ)
+iG0 (G−W †µ −G+Wµ)] ,
where for compactness we use the notation A
↔
∂µB ≡ A(∂µB) − (∂µA)B.
2.3 Yukawa
The SM Yukawa sector, when a second scalar doublet is added, is extended to
LY = − Q̄
0
L (Φ1Yd,1 +Φ2Yd,2)d0R − Q̄0L (Φ̃1Yu,1 + Φ̃2Yu,2)u0R
− L̄0L (Φ1Y`,1 +Φ2Y`,2) `0R − L̄0L (Φ̃1Yν,1 + Φ̃2Yν,2)ν0R + h.c. ,
(2.26)
where





with hypercharge Y = −1/2. Here we have included a right-handed neutrino since
its existence will be crucial in some models studied in this thesis, e.g. in chapter 5.
In all of them we will focus on Dirac neutrinos and we will not include a Majorana
mass term. To achieve this, total Leptonic number conservation will be applied. It


















L̄0L (H̃1M0ν + H̃2N0ν)ν0R + h.c. .
(2.28)
Since only the neutral component of H1 has a non-vanishing vacuum expectation
value, the Yukawa couplings M0f , for all the fermions f = u, d, `, ν, will be the
corresponding mass matrices. These together with N0f will encode the flavor
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where we have defined θ ≡ θ2 − θ1. For later usage, it can be convenient to write
N0f in the following way







































In this parametrization it is straightforward to see that if one of the Yukawa
matrices (Yf,1 or Yf,2) equals zero, the Mf and Nf matrices are proportional and
the SFCNC vanish. This scenario will be discussed in section 2.4.
2.3.1 Quark Sector
The mass matrices have have to be diagonalized in order to write the Lagrangian
in the fermion mass basis. In order to do it, the usual bi-diagonalization of the
mass matrices M0d, M0u is performed. The quark weak interaction eigenstates get




d0L, dR = U
†
dR
d0R, uL = U
†
uL




leading to the diagonal mass matrices
Md = U †dLM
0
d UdR = diag(md,ms,mb) ,
Mu = U †uLM
0
u UuR = diag(mu,mc,mt) ,
(2.33)
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and
Nd = U †dLN
0
d UdR , Nu = U †uLN
0
u UuR , (2.34)
leading finally to the Lagrangian








Q̄L[MuH̃1 +NuH̃2]uR + h.c. . (2.35)
The CKM quark-mixing matrix is V = U †uLUdL as usual. It is important to remark
that, in general, the Nq are not diagonal, leading to Flavor Changing Neutral
Couplings at tree level. When both Nd and Nu are diagonal, tree-level SFCNC in
the quark sector are absent.
Expressing Eq. (2.35) in terms of quark and scalar mass eigenstates (as a short-
hand we use R[3](α⃗)ij =Rij), and reversing the chiral projections of the spinors with
ψR(L) = PR(L)ψ, ψ̄R(L) = ψ̄ PL(R), (2.36)
where PR(L) are the right-handed and left-handed chirality projector operators
defined in eq. (1.21), we get the following Lagrangian
L [q]m = − d̄MdPRd − ūMuPRu + h.c. , (2.37)





+G−d̄V †MuPRu − iG0ūMuPRu] + h.c. ,
(2.38)




{H+ū [VNdPR −N†uV PL]d +H−d̄ [N†dV †PL − V †NuPR]u} , (2.39)
L [q]N = −
h
v


























2 , Aq ≡
Nq −N†q
2 , q = u, d , (2.41)
are the hermitian and anti-hermitian combinations of Nq and N†q.
2.3.2 Lepton Sector




`0L , `R = U
†
`R
`0R , νL = U
†
νL




where again, the terms without “0” superscript, correspond to the mass eigenstates.
These transformations leave the following mass matrices
M` = U †`L M
0
` U`R = diag(me,mµ,mτ),
Mν = U †νL M
0
ν UνR = diag(mν1 ,mν2 ,mν3),
(2.43)
N` = U †`L N
0
` U`R , Nν = U †νL N
0
ν UνR . (2.44)
As in the quark sector, the N matrices, in general, are not diagonal, this implies
the existence of SFCNC at tree level in this sector. The lepton-mixing PMNS
matrix is defined now as U = U †`LUνL . With this rotation, the Lagrangian in the
lepton mass eigenstates reads








L̄L[MνH̃1 +NνH̃2]νR + h.c. . (2.45)
If we now rotate the scalar terms to the mass eigenstates, eq. (2.13) and using
the shorthand R[3](α⃗)ij = Rij again, we get




{H+ν̄ [U †N`PR −N†νU †PL] ` +H− ¯̀[N†`UPL −UNνPR]ν} , (2.46)
L [`]N = −
h
v




















{ν̄ [R13Mν +R23Hν − iR33Aν]ν + ν̄ [R23Aν − iR33Hν]γ5ν} ,
(2.47)




2 , A` ≡
N` −N†`
2 . (2.48)
In order to work with the Lagrangian in a more compact form, along this thesis,
the following notation will be used for eqs. (2.40)–(2.47)













jk γ5)fk , (2.49)



















jk γ5)f- 12 ,j
} .
(2.50)
2.4 Natural Flavor Conservation
In the SM the diagonalization of the mass matrices (eqs. (2.33)–(2.43)) automatically
diagonalizes the Yukawa interactions. However, as it has been commented in the
previous section, the addition of a second scalar doublet to the Lagrangian, leads to
the appearance of tree-level Flavor Changing Neutral Couplings. This is potentially
one of the biggest constraints to 2HDM since experimentally, SFCNC are very
restricted. The flavor changing processes will be mediated by one of the new neutral
scalars, H or A. For example, the coupling involving the d and s quarks will lead
to K0–K̄0 meson mixing through a tree level diagram. For generic couplings to
the new scalars, the mass of the given scalar should be large in order to surpass
the experimental constraints.
In order to completely avoid SFCNC, Glashow and Weinberg [112] proved that
a sufficient condition is that all fermions with the same quantum numbers couple
to one of the Higgs doublets and not the other. This is known as the Glashow-
Weinberg theorem. In the Standard Model where the fermions are left-handed
doublets and right-handed singlets, this theorem forces all right-handed quarks
of a given charge to couple to a single Higgs multiplet. In the 2HDM, this can
be realized by imposing a discrete or a continuous symmetry and it is known as
Natural Flavor Conservation (NFC).
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In the quark sector there are only two possibilities, the so-called Type-I and Type-
II. In the Type-I all the quarks couple to the same scalar doublet, conventionally
chosen to be Φ2. However, in the Type-II model, the right-handed singlets of the
up-quarks (Q = 2/3) couple to Φ2 doublet (just a convention) and the down-quarks
(Q = −1/3) to the remaining doublet (Φ1 following the same convention).
Taking into account the leptonic sector, without right-handed neutrinos, two
more models arise in addition to Type I and II, the so-called Lepton Specific and
Flipped 2HDM. By convention in the Type I the right-handed lepton singlets are
charged under the Z2 symmetry in the same way as the right-handed quarks, which
means that they couple to Φ2. The Lepton-Specific is like the Type-I for the quarks,
but the leptons couple to Φ1 instead. In the Type -II again by convention, the
leptons couple to the same doublet as the down quarks, that is Φ1. And again, the
Flipped 2HDM is like the Type-II but now the leptons being coupled to Φ2 (like
the up-quarks). All these models are generated through a discrete Z2 symmetry.
In the case of the Type-I 2HDM the fields transform as
Φ1 → −Φ1 , (2.51)
whereas the Type-II 2HDM is enforced by
Φ1 → −Φ1 , dR → −dR , `R → −`R , (2.52)
where the rest of the fields stay invariant under the transformation. Analogously
for the lepton specific
Φ1 → −Φ1 , `R → −`R , (2.53)
and for the Flipped 2HDM
Φ1 → −Φ1 , dR → −dR . (2.54)
The charges of all the fields for the four different models are summarized in table 2.1
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Model Φ1 Φ2 uR dR `R
Type I − + + + +
Type II − + + − −
Lepton-Specific − + + + −
Flipped − + + − +
Table 2.1: Field charges under the Z2 of the NFC models
2.4.1 Type-I 2HDM
The Type-I 2HDM was firstly introduced in Ref. [79]. From eq. (2.29) it is easy
to see that both M0q and N0q matrices can be diagonalized simultaneously since
they are proportional
N0f = t−1β M0f , (Yu,1 = Yd,1 = Y`,1 = 0) . (2.55)
There are three interesting limits of this model. The first one is when α = π/2, where
all the fermions completely decouple from the lightest Higgs (h); this limit is known
as the fermiophobic limit [113–115]. This decoupling is only preserved at tree-level.
In second place, if sαβ (cαβ) vanishes, then the h (H) field is gaugephobic, i.e. it
does not couple to WW and ZZ, radically changing the phenomenology of Higgs
decays. The third is the known as Inert 2HDM. Here the Z2 is exactly realized in
the scalar potential and the VEV of Φ1 vanish [72, 103]. Now, the Z2 symmetry
remains unbroken even after SSB and the SM-like Higgs does not mix with the
extra scalars. In this scenario the DM problem can be explained with the lightest
of the extra neutral scalars playing the role of a dark particle [72, 73].
2.4.2 Type-II 2HDM
Type-II is the most studied model of all four since it shares the Yukawa structure with
all the supersymmetric models and with the original Peccei-Quinn model [74, 75] . It
was firstly introduced in Ref. [79, 80]. Again, the mass matrices can be diagonalized
simultaneously, given that for the down-type fermions Yd,2 and Y`,2 equal zero and
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for the up-type one Yu,1 is the one that vanishes. The mass matrices now read
N0u = t−1β M0u (Yu,1 = 0) , (2.56)
N0d = −tβM0d (Yd,2 = 0) , (2.57)
N0` = −tβM0` (Y`,2 = 0) . (2.58)
The couplings to the gauge sector are analogous to the Type-I model, so there
is a gaugephobic limit as well but in this case, there is no possibility of having a
fermiophobic limit. Still it is possible to make the couplings of h (H) to the up-quarks
(down-quarks and leptons) vanish by setting α = π/2 (0). A very deep analysis of
the phenomenology of the Type-II model can be found in Refs. [76, 116, 117].
2.4.3 Lepton-Specific 2HDM
In this model, all the quarks couple to Φ1 as in the Type I but now the leptons
couple to Φ1. It was firstly discussed in Ref. [118, 119] related to very light scalars.
Given that there are a few recent anomalies concerning the leptonic sector such as
(g − 2)e,µ and the semileptonic B anomalies, this model is receiving more attention
in the literature [87, 120–123]. This model is also referred to as Type X.
2.4.4 Flipped 2HDM
The least studied of the previous four models is the Flipped 2HDM or Type Y,
that was mentioned in the first place in Ref. [124]. Here the up-quarks and leptons
couple to Φ1 and the down-quarks do so with Φ2.
2.4.5 Aligned 2HDM
The Aligned-2HDM (A2HDM) presented in Ref. [125] is a more general model that
includes the previous four discussed in this section. As a consequence of introducing
the symmetry that enforces NFC, the Yukawa couplings (in the Higgs basis) in
each fermion sector become proportional to the corresponding mass matrices. The
A2HDM starts with the assumption that the Yukawa couplings of each fermion
sector is proportional to the corresponding mass matrix. This model is not generated
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Model ςu ςd ς`
Type I t−1β t−1β t−1β
Type II t−1β −tβ −tβ
Lepton-Specific (X) t−1β t−1β −tβ
Flipped (Y) t−1β −tβ t−1β
Inert 0 0 0
Table 2.2: Alignment parameters at the limit where the A2HDM recovers the NFC
models.
by a symmetry so this proportionality of the mass matrices is not stable under
RGE [126–129], but the misalignment is small enough to overcome the experimental
constraints [125, 130–132]. The couplings Nf and the mass matrices Mf are related
by the alignment parameters as
Nu = ς†u Mu , Nd = ςd Md , N` = ς` M` , (2.59)
where the alignment parameters are complex numbers. These quantities introduce
new sources of CP violation. This model includes the previous four by choosing
the appropriate values of the alignment parameters ςf (see table 2.2).
2.5 Minimal Flavor Violation and BGL models
We have seen in the previous section that the simplest way of avoiding SFCNC in
the scalar sector is by postulating that quarks of a given charge receive contributions
to their mass only from one Higgs doublet. However, this is not the only possibility.
A very interesting approach to controll SFCNC was suggested by Branco-Grimus-
Lavoura (BGL) [133]. In BGL models there are SFCNC at tree level but their
flavor structure is controlled by the elements of the CKM matrix V and the fermion
masses, without the appearance of extra flavor parameters.
Models where the general structure of SFCNC processes is shared with the SM
are known as Minimal Flavor Violation (MFV) models [134–136]. This hypothesis
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imposes that all flavor violating and CP-violating transitions are governed by
elements of the CKM matrix and the only relevant local operators are those that
are relevant in the SM [137].
Although the BGL models predate the MFV hypothesis by a few years, they
satisfy the requirement of having the whole New Physics’ flavor structure controlled
by V [133, 138]. This flavor structure is generated by an exact symmetry of the
Lagrangian2 which means that it is renormalizable.
As it has been explained in section 2.3, the quark sector of the general 2HDM
contains SFCNC, with its flavor structure parametrized by two complex matrices
Nd, Nu [139]. These matrices depend on a large number of parameters if nothing
is done to avoid it, in particular on UdL ,UuL ,UdR and UuR , the unitary matrices
which enter in the diagonalization of the down and up quark mass matrices. Having
Nd, Nu to depend only on V = U †uLUdL in a natural way looks like an impossible
task. Yet, this task is accomplished by BGL models, which were first constructed
for the quark sector and then generalized to the lepton sector [140]. There are six
types of BGL models in the quark sector and six (three) types in the lepton sector
for Dirac (Majorana) neutrinos, which can be combined to have a total of 36 (18)
BGL models, with different phenomenological implications, which were thoroughly
analyzed [141–143]. An interesting feature of BGL models is the fact they contain
SFCNC either in the up or the down sectors but not in both sectors.
2.5.1 BGL Yukawa Sector
Recovering the Lagrangian in eq. (2.26)
LY = − Q̄
0
L (Φ1Yd,1 +Φ2Yd,2)d0R − Q̄0L (Φ̃1Yu,1 + Φ̃2Yu,2)u0R
− L̄0L (Φ1Y`,1 +Φ2Y`,2) `0R − L̄0L (Φ1Yν,1 +Φ2Yν,2)ν0R + h.c. , (2.60)
and in order to obtain the desired flavor structure, that is controlled by the elements
of the CKM matrix, Branco, Grimus and Lavoura [133] proposed the following
2If the Lagrangian contains operators with dimension higher than four it would be non-
renormalizable regardless of the symmetry
2. The Two Higgs Doublets Model 47





R , Φ1 ↦ Φ1 ,
u0Rj ↦ e
i2τu0Rj , Φ2 ↦ e
iτ Φ2 , (2.61)




i2τd0Rj , Φ1 ↦ Φ1 ,
u0R ↦ u
0
R , Φ2 ↦ e−iτ Φ2 , (2.62)
for the down-type.
The transformation in Eq. (2.61) leads to Higgs SFCNC in the down sector,
while the one in Eq. (2.62) cancels the SFCNC in the down sector by making them
appear in the up sector. These two alternative choices of symmetry combined
with the three possible choices of quark families (index j) lead to six different
realizations of BGL-2HDM.
Taking now into account the leptonic sector, there is a perfect analogy with
what we have just seen if neutrinos are Dirac. In this case, SFCNC at tree level
are no longer controlled by CKM but by the PMNS matrix. These models are





R , Φ1 ↦ Φ1 ,
ν0Rj ↦ e
i2τν0Rj , Φ2 ↦ e









, Φ2 ↦ e−iτ Φ2 . (2.64)
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The combination of symmetries in Eqs. (2.61)–(2.62)–(2.63)–(2.64) gives rise to
the 36 different BGL models. It is important to take into account that in order
to combine, for example, Eq. (2.61) and Eq. (2.63) a global change of sign must
be applied to one of the sectors.
In order to illustrate the behavior of the previous symmetry let us see the
texture zeros of the Yukawa matrices for a top-BGL model, that is, applying the
symmetry in Eq. (2.61) with the index j = 3. In this example, we are going to
put our attention in the quark sector, forgetting, for a moment, the lepton sector.
However, all the expressions are completely analogous to the ones in the case with











































where the elements denoted by × are arbitrary. Obviously, these zero texture
structures are valid in a particular set of Weak Basis, the WB where the definition
of the symmetry applies. Introducing now these textures into the flavor matrices
definition in eq. (2.30), N0d and N0u take the form










where P3 is the projector P3 = diag(0,0,1). Going into the quark mass basis
(eq. (2.33)) where the mass matrices Mq are diagonal, the expressions in eq. (2.67)
read
Nd = UdL N0d U
†
dR
= (−tβ1 + (tβ + t−1β )P
[dL]
3 )Md ,




3 )Mu , (2.68)
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where now P[dL]3 = U
†
dL




uL P3 UuL that can be related to each













† P[uL]3 V . (2.69)
Then, we can introduce this relation into eq. (2.68) taking into account that in the
case we are describing (top-BGL) P[uL]3 = P3. This relation is satisfied because,
as can be seen in eq. (2.66), the up-quarks Yukawa matrices are block diagonal.
This condition makes UuL (and analogously UuR) also block diagonal what simplify
P[uL]3 . Finally the quark matrices Nq read
Nd = (−tβ1 + (tβ + t−1β )V †P3V )Md ,
Nu = −tβ diag (mu,mc,0) + t−1β diag (0,0,mt) .
(2.70)
As we expected, in the top-BGL model Nu is diagonal, which means that there
are no SFCNC at tree level in the up sector. In the down sector, the SFCNC do
not vanish but they are controlled by entries of the CKM matrix, in particular
by the elements of the third row
(V †P3V )ij = (V )
∗
3i (V )3j . (2.71)
In this section we have seen that the two main features of BGL models are that,
first, they only present SFCNC in one sector, up or down, and second that these
SFCNC are controlled by both elements of CKM matrix and masses of the fermions.
All the results and expressions presented in the previous lines are replicable to the
ones from the leptonic sector when neutrinos are Dirac. These unique features allow
BGL models to avoid the strong experimental constraints even in the scenarios
with lighter new scalars. In fact, in the literature there are phenomenological
analyses [141–144] covering these models that show that it is possible to have new
scalars as light as 100 GeV. In Ref. [145, 146] it was proven that the symmetry in
eqs. (2.61)–(2.62)–(2.64)–(2.63) developed by Branco, Grimus and Lavoura is the
only possibility, using abelian symmetries, that can relate SFCNC with the elements
of the CKM matrix in the 2HDM context. Furthermore, as the model is generated






–Do you remember the taste of strawberries? It’ll
be spring soon, and the orchards will be in blossom.
And, they’ll be sowing the summer barley in the lower
fields... and eating the first of the strawberries and
cream.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
3
Generalizing Flavor Conservation
In Chapter 1 it was described that in the SM, concentrating on quarks, a single
Yukawa structure in each sector – up and down – is both responsible for: (i) the
generation of mass upon spontaneous breaking of SU(2)L × U(1)Y into U(1)EM, and
(ii) the couplings of the quarks to the only fundamental scalar leftover, the Higgs
boson, after associating the three would-be Goldstone bosons to the longitudinal
polarizations of the massive Z and W ± gauge bosons. As a consequence, there are
no tree level Flavor Changing Neutral Couplings of the Higgs to quarks. With two
independent Yukawa structures available in each sector, the situation is dramatically
changed in the general 2HDM (see chapter 2), and SFCNC couplings of quarks do
arise at tree level. To which extent they appear in the couplings of the different
physical neutral scalars depends then on the details of the scalar potential [110]: if
the 125 GeV scalar is a mixture of the true-but-unphysical Higgs and the additional
neutral scalars, SFCNC “leak” into its couplings through that mixing. At the
end of the day, as with many New Physics avenues, the presence of SFCNC is a
double edged feature: since the competing SM gauge mediated contributions to
SFCNC processes are loop induced, those transitions pose severe constraints while,
on the same grounds, provide immediate opportunities to discover deviations
from the SM picture.
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The study of different ways to dispense without problematic too large SFCNC
couplings and the conditions for their appearance or absence, has drawn sustained
attention over the years. As analysed in [112] and reviewed in Chapter 2, the
absence of SFCNC is guaranteed by forcing each right-handed fermion type to
couple to one and only one scalar doublet; this absence of SFCNC, backed by a Z2
symmetry, is a popular option, and several implementations of this Natural Flavor
Conservation idea, namely 2HDM of types I, II, and of types X, Y (when the lepton
sector is also considered) have been thoroughly explored (see section 2.4). Additional
U(1) gauge symmetries have also been considered, for example, in [147, 148]. The
general conditions for the absence of SFCNC, that is, that the mass matrix and
the remaining Yukawa coupling matrix can be diagonalised simultaneously, were
identified early [149–152]. The interplay of how a symmetry requirement could
enforce that general NFC and shed some light into the structure of the resulting
CKM matrix was addressed in [149, 153–160] with interesting consequences.
In a more recent popular scenario, the Aligned 2HDM [125] (see section 2.4.5), the
absence of SFCNC is a priori achieved (and parametrised) with simple requirements
on the Yukawa couplings (for an early mention of this kind of possibility, although in
the context of real Yukawa couplings and spontaneous CP violation, see also [161]).
The possibility of having effective aligned scenarios has been studied in [162, 163].
Radiative effects and the interplay of tree level SFCNC with the Renormalization
Group Evolution (RGE) have also been addressed by and large in the literature
[82, 126, 128, 130, 132, 156, 164–167].
The aim of the work [2] presented in this chapter is to explore different facets of
scenarios with general flavor conservation (gFC) in 2HDM; in other words, analysing
relevant aspects of the most general 2HDM scenarios where tree level SFCNC are,
a priori, absent. A partial analysis of SFCNC induced in this context by the RGE
was presented in [129]. On a purely phenomenological basis, a scenario of this type
restricted to the lepton sector was also considered in [130, 168].
The chapter is organized as follows. In section 3.1, we revisit some generalities
of 2HDM, fix the notation for the discussion to follow, and recall the most relevant
3. Generalizing Flavor Conservation 55
aspects of the conditions leading to gFC. They are then analyzed attending to the
Renormalization Group Evolution that they obey in section 3.2, leading to the
full set of conditions required to have RGE-stable gFC. The well known type I
and type II cases are briefly revisited in section 3.2.3; section 3.2.5 is devoted to
a particular solution which arises when the CKM matrix is reduced to a single
Cabibbo-like mixing. The gFC stability of the lepton sector is discussed in section
3.2.4. Appendix A provides details omitted in the discussion of section 3.2.
In chapter 9 this model will be presented as a possible solution for the electron
and muon g − 2 anomalies. There, we will discuss the most relevant experimental
constraints on gFC arising from flavor conserving Higgs-related observables.
3.1 General Flavor Conserving Conditions
The Yukawa Lagrangian relevant in this sections reads
LY = − Q̄
0
L (Φ1Yd,1 +Φ2Yd,2)d0R − Q̄0L (Φ̃1Yu,1 + Φ̃2Yu,2)u0R
− L̄0L (Φ1Y`,1 +Φ2Y`,2) `0R + h.c. . (3.1)
Notice that we do not include right-handed neutrinos ν0R and thus, unlike in the
quark sector, there is only one set of Yukawa coupling matrices and we work in
the massless neutrino approximation.
The necessary and sufficient conditions obeyed by the quark Yukawa coupling
matrices Yd,α and Yu,α with α = 1,2, in order to have gFC [149–152], are that









u,αYu,β} , α, β = 1,2 , (3.2)














u,δ] = 0 , [Y †u,αYu,β , Y †u,γYu,δ] = 0 ,
(3.3)
with α,β, γ, δ = 1,2. In that case, Yd,1 , Yd,2 are simultaneously bi-diagonalyzed,
and Yu,1 , Yu,2 too. Being the Yukawa matrices diagonalizable at the same time
automatically implies that the M0f and N0f can be diagonalyzed simultaneously.
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A crucial corollary to these necessary and sufficient conditions is the fact that
the simultaneous diagonalizability is intrinsic to the Yukawa coupling matrices them-
selves, independently of the spontaneous symmetry breaking vacuum characterised
by the VEVs v1, v2. In other words, the property is independent of β in eq. (2.29);
the simultaneous bi-diagonalizability of {M0q,N0q} is equivalent to the simultaneous
bi-diagonalizability of the Yukawa couplings matrices or of any other independent
linear combinations of them. Of course, the actual values of the eigenvalues of both
M0q (the masses) and N0q do depend on the particular linear combinations.
For leptons, similarly, {Y`,αY †`,β} and {Y
†
`,αY`,β} must be abelian in order to have
gFC, and the previous corollary applies equally to them.
A very relevant consequence follows [149, 153–160]: if gFC is due to the
Lagrangian in eq. (3.1) being invariant under a (symmetry) transformation of
quarks and scalars, the CKM mixing matrix cannot be related to the values of
the masses; for example, predictions being made at the time (late 70’s)1 for the
Cabibbo angle, like tan θc = md/ms [169, 170], could not lead simultaneously to
gFC. Moreover, the resulting mixings are unrealistic (for example, no mixing or a
permutation times a complex phase) and radiative corrections cannot be invoked
to yield realistic mixings [156].
The most general parametrization of tree level couplings of fermions to scalars































, nj ∈ C , (3.4)
which we use in the rest of the thesis: in section 3.2 for the study of the renormal-
ization group evolution and in chapter 9 for a phenomenological analysis.
Notice that, while for the flavor changing couplings the simultaneous presence
of scalar and pseudoscalar terms in fermion-scalar Yukawa interactions is not
necessarily CP violating, in the diagonal, flavor conserving ones, on the contrary, it
is CP violating (see for example [171]). With the flavor conserving matrices Nf in
1In the context of SU(2)L × U(1)Y gauge theories; the literature is richer in examples for
SU(2)L ⊗ SU(2)R ⊗U(1)B−L scenarios.
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eq. (3.4), the hermitian and antihermitian couplings in eqs. (2.40) and (2.47) are,
respectively, their real and imaginary parts. For example, for a CP conserving
scalar sector with non-zero mixing cαβ ≠ 0, if Nf are not real, they constitute new
sources of CP violation in neutral couplings. For the couplings to the charged
scalar, without entering into details, if Im (nuindj) ≠ 0, the combination of scalar
and pseudoscalar terms in the coupling H+ūi dj is CP violating.
3.2 Renormalization Group Evolution and Flavor
Conservation
3.2.1 Evolution of the Quark Yukawa Coupling Matrices
The one loop evolution of the Yukawa couplings under the renormalization group
[126, 166, 167, 172] is (with D ≡ 16π2 dd ln µ and µ the energy scale):





















































′2, au = ad − g
′2, (3.7)
with gc, g, g′, as usual, the gauge coupling constants of SU(3)c, SU(2)L and







































































Equations (3.9)–(3.10) are the starting point to analyze the one loop stability of




















under the assumption that eq. (3.3) holds. With that objective in mind, some








αβ (Yd,) + g
[dL]






























































The relevant property of the decomposition in eq. (3.12) is that f [dL]αβ depends




d, terms, while g
[dL]
αβ collects the
remaining dependence on Yu’s, which has terms YdY †d YuY
†
















αβ (Yd) + g
[dL]






γδ (Yd) + g
[dL]
γδ (Yd, Yu)] . (3.15)
3.2.2 Evolution with gFC Matrices
It is clear that, if there is gFC, i.e. with eq. (3.3),
[f
[dL]






γδ (Yd)] = 0 , (3.16)
2The superscript [dL] is chosen in correspondence with the Yd,αY †d,β matrix combinations;
similarly f [dR]αβ and g
[dR]






u,β) and D(Y †u,αYu,β),
but we concentrate for the moment on D(Yd,αY †d,β).
3Although T dα,ρ do depend on Yu,α’s, there is no matrix depence, only C numbers; this also
applies to the leptonic Yukawa couplings Y`,α.














γδ (Yd, Yu)] . (3.17)
After the simplication brought by eq. (3.16), the next step is to trade eq. (3.17) for
conditions expressed in terms of the physical parameters entering in the matrices














































) , WW† =W†W = 1 . (3.20)
























i.e. the hermitian conjugate † (in the space of flavor indices) only gives a complex















































With gFC, the first commutator vanishes, and we just have a linear combination
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As expected from the discussion in section 3.1, having a gFC scenario is related to
the Yukawa coupling matrices themselves, it does not hinge on the particular EW
vacuum configuration that determines which particular combinations of them are
the mass matrices M0d, M0u and the matrices N0d, N0u (the vacuum configuration is
“encoded” in W, which does not appear in eq. (3.25)). The last step is to transform
































































where the CKM matrix V = U †uLUdL appears together with the diagonal matrices
T
[d]1 =Md, T[d]2 = Nd, T[u]1 =Mu, T[u]2 = Nu . (3.27)






























2,3} = {nu, nc, nt}.
(3.28)





u,αYu,β} are given in appendix A.
In order to have a gFC scenario stable under the one loop RGE, one needs that
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the simultaneous diagonalizability of {T 0
[q]1, T
0
































[u]l] = 0 .
(3.29)
With eqs. (3.26)–(3.28), the conditions expressed by the matrix equations in (3.29)
are formulated in full generality, for fixed mass matrices Md, Mu, and CKM
mixings V , in terms of the 6 complex parameters nj in eq. (3.4). For exam-








































The complete set of conditions is given in appendix A. For each set in eq. (3.29)
there are six choices of i, j, k, l = 1,2, in 2HDM, which give, at least, 3 independent
complex equations each. It is clear that, in terms of the 6 complex parameters nj,
the system is largely overconstrained. In section 3.2.3 below, we check that the
known stable solutions with Nf ∝Mf are recovered. It is however beyond the scope
of the work presented here to address if other solutions could a priori exist for the
general one loop RGE stability conditions of gFC.
The lepton sector is discussed in section 3.2.4. Finally, in section 3.2.5, we present
some particular solutions which arise when the CKM matrix reduces to a Cabibbo-
like block diagonal mixing.
3.2.3 Stable gFC with Nf ∝ Mf
When one substitutes Nq = αqMq, αq ∈ C, in the conditions for one loop RGE stability
of gFC given in appendix A, solving them for αu, αd, reduces to finding solutions of
(1 + αdαu)(α∗u − αd) = 0 , (3.31)
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with H1 and H2 in eq. (2.5), such that in eq. (2.28) H ′1 couples only to d0R while
H ′2 couples only to u0R for αu = −α−1d ; for αu = α∗d, H ′1 couples to d0R and u0R,
while H ′2 does not. These cases are none other than the 2HDM of type II and I
respectively which where introduced in 2.4. For the particular case αu = α∗d = 0, the
scalar doublet which has a zero vacuum expectation value has vanishing Yukawa
couplings: this is the Inert 2HDM [103].
3.2.4 Stable gFC in the Lepton Sector
The one loop RGE of the lepton Yukawa couplings in eq. (3.1) reads [172, 173]














`,ρY`,α) with T `α,ρ = T dα,ρ ,
(3.33)
where a` = −94g2 −
15
4 g



















` Y`,α . (3.34)










































`,δ)] = 0 . (3.36)
Similarly,





























and thus, if {Y †`,αY`,β}α,β=1,2 is abelian, then










`,γY`,δ)] = 0 . (3.38)
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That is, if the Yukawa couplings of leptons are gFC, as in eq. (3.4), this is not
altered by the RGE: general flavor conservation is one-loop stable in the lepton
sector. This can be directly traced back to the absence of right-handed neutrinos
and Yukawa couplings involving them in eq. (2.45), in clear contrast with the quark
sector. This result represents a generalization of previous results restricted to the so
called aligned case and pointed out in [128], in agreement with the findings of [127,
130]: at one loop level the charged lepton sector remains general Flavor Conserving
in full generality without any additional constraint. To be specific and going to the
simplest aligned cases, type I, II, X and Y models are defined in the quark sector by
Type I,X {Nd = cotβMd,Nu = cotβMu,
Type II,Y {Nd = −tanβMd,Nu = cotβMu.
(3.39)
The fact that the leptonic sector alignment was known to be stable under RGE
implies that one could analyze the experimental data with previous equation together
with the more general leptonic structure (Y`,2 = ξ`e−iθY`,1)
N` = cotβ (
− tanβ + ξ`
cotβ + ξ`
)M` , (3.40)
in the framework of a model one loop stable under RGE. This would include in a
single analysis both type I and X or type II and Y. Note that with the appropriate
limits ξ` → 0 or ξ` →∞ one recovers the four models. Equation (3.38) implies the
new more general result that the models implemented by eq. (3.39) together with
an arbitrary diagonal N` (not just with eq. (3.40)) are one loop stable under RGE.
These models are going to be referred as I-g`FC and II-g`FC 2HDM models:
• Model I-g`FC is defined by4
Nu = t−1β Mu, Nd = t−1β Md, N` = diag(ne, nµ, nτ) . (3.41)
The couplings Nu,Nd are the same as in 2HDMs of types I or X.
• Model II-g`FC is defined by
Nu = t−1β Mu, Nd = −tβMd, N` = diag(ne, nµ, nτ) . (3.42)
The couplings Nu,Nd are the same as in 2HDMs of types II or Y.
4Here and in the following, tβ ≡ tan β and t−1β ≡ cot β.
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In both models N` is diagonal, arbitrary and stable at one loop level under RGE,
in the sense that it remains diagonal.
To complete the definition of the model, in accordance with the fact that the
quark sector is a type I or type II 2HDM, we adopt a Z2 symmetric scalar potential



















1Φ2)2 + h.c.) . (3.43)
For µ212 ≠ 0, the Z2 symmetry is softly broken.
In table 3.1 the Yukawa couplings, following the general notation introduced
in eq. (2.49), of the neutral scalars can be found for both models I-g`FC and II-
g`FC. The Yukawa couplings of the neutral scalars are flavor conserving. Here,
we focus on a simplified case: we assume that (i) there is no CP violation in
the scalar sector and (ii) the new Yukawa couplings are real, Im (n`) = 0. In the












with sαβ ≡ sin(α − β) and cαβ ≡ cos(α − β). The alignment limit, in which h has

































A 0 −t−1β 0 −tβ 0
Re(n`)
m`
Table 3.1: Fermion couplings to neutral scalars.
violation is clear from the exact relation aSf bSf = 0 [171]; one important consequence
of this simplification is the absence of new contributions generating electric dipole
moments (EDMs), in particular contributions to the electron EDM de, which is
quite constrained: ∣de∣ < 1.1×10−29 e⋅cm [174, 175]. The Yukawa couplings of H± are








I-g`FC V ∗ji t−1β (muj −mdi) V ∗ji t−1β (muj +mdi) −Re (n`i) δij Re (n`i) δij
II-g`FC V ∗ji (t−1β muj + tβmdi) V ∗ji (t−1β muj − tβmdi) −Re (n`i) δij Re (n`i) δij
Table 3.2: Fermion couplings to H±.
given in Table 3.2. Note that the Yukawa couplings of the charged leptons in Tables
3.1 and 3.2 are the same in both models I-g`FC and II-g`FC. The phenomenology
of these models will be studied in further detail in chapter 9.
3.2.5 Stable gFC with Cabibbo-like mixing
The CKM matrix has a hierarchical structure; keeping only the largest mixing,





cos θc sin θc 0






with θc ≃ 0.22 the Cabibbo mixing angle. It is interesting to analyze the question
of one loop RGE stability of gFC conditions with V → Vθc in eq. (3.45). First, it is
interesting on its own to know if this simplified mixing allows for some stable gFC
scenario; second, if that is the case, in terms of those Nq matrices, the deviations
of gFC produced by the RGE would be controlled by the initial deviations of the
complete CKM matrix from Vθc , the subleading mixings.
One should first notice that, since Vθc decouples the third quark generation, nb and
nt are expected to remain free parameters. Then, since the only remaining stability
conditions concern elements (a, b) = (1,2) or (2,1), all the mixing combinations
V ∗qaVqb, VaqV ∗bq equal either cos θc sin θc or − cos θc sin θc, and thus the dependence of
the stability conditions on θc disappears.
Two classes of stable gFC scenarios follow from the discussion in section 3.2.3.
The first, with
Nd = diag(αmd, αms, nb), Nu = diag(α∗mu, α∗mc, nt ), (3.46)
corresponds to a type I 2HDM for the first two generations, while nb and nt are
free (and thus M−1q Nq ≠ αq1). Some particular limit – the extreme chiral limit – of
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eq. (3.46) was already obtained in [128] to justify V ≃ 1. The second is
Nd = diag(αmd, αms, nb), Nu = diag(−α−1mu, −α−1mc, nt ), (3.47)
which corresponds instead to a type II 2HDM for the first two generations (with free
nb, nt and M−1q Nq ≠ αq1 too). In addition to eqs. (3.46)–(3.47), one can check that
Nd = diag(eiϕdms, eiϕdmd, nb), Nu = diag(eiϕumc, eiϕumu, nt ), (3.48)
with arbitrary real ϕd, ϕu (and again, arbitrary complex nb and nt), gives indeed
another stable gFC scenario where Nq and Mq are not even proportional in the
first two generations sector.
–If I take one more step... It’ll be the farthest away
from home I’ve ever been.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
4
Generalizing BGL Models
As it has been discussed, the general 2HDM has Flavor Changing Neutral Couplings
at tree level which have to be suppressed in order to avoid the strong experimental
constraints. Along the previous chapters, different ways of avoiding SFCNC have
been presented. As it was introduced in section 2.5, there is a very interesting
approach to solve this issue that is the control of SFCNC. One example is provided
by Branco-Grimus-Lavoura models [133], where there are SFCNC at tree level but
their intensity is controlled by the elements of the CKM matrix V . Although these
models were proposed some years before the Minimal Flavor Violation hypothesis
[134–136] was put forward, BGL models satisfy the MFV hypothesis of having all
the flavor structure of New Physics controlled by V and masses [133, 138]. BGL
models are renormalizable, since the flavor structure of the Yukawa couplings is
generated by an exact symmetry of the Lagrangian.
The flavor structure of the general 2HDM, which contains SFCNC, is parametrized
by two complex matrices Nd, Nu [139]. These matrices depend on several parameters,
in particular on UdL , UuL , UdR and UuR , the unitary matrices which diagonalize the
quark mass matrices. BGL model achive the difficult task of making Nd, Nu depend
only on V = U †uLUdL and quark masses in a natural way. These models were first
proposed for the quark sector and then generalized to the lepton sector [140]. As
it was presented in section 2.5 there are six types of BGL models in the quark
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sector and six (three) types in the lepton sector for Dirac (Majorana) neutrinos,
which can be combined to have a total of 36 (18) BGL models, with different
phenomenological implications, which were thoroughly analyzed [141–143]. An
interesting feature of BGL models is the fact they contain FCNC either in the
up or the down sectors but not in both sectors.
In this chapter, we analyze the possibility of generalizing BGL models, asking
ourselves two questions. The first is if it is possible to find a renormalizable model
which contains all the BGL models as special cases. And the second, if it is possible
to have a renormalizable 2HDM with non-vanishing SFCNC in both the up and
down quark sectors but controlled in some way.
The chapter is organized as follows. In the next section BGL models are briefly
reviewed and then a more general framework denoted gBGL is proposed. The
generalization contains BGL models as an special limit. In section 4.2 Yukawa
textures corresponding to gBGL models are examined as well as how gBGL contain
BGL models as special cases. In this section Weak Basis invariant conditions for
having gBGL models are derived. In section 4.3, using WB covariant projectors, we
introduce a convenient parametrization of gBGL models. In section 4.4 the scalar
potential is briefly described. Section 4.5 includes the analysis of the intensity of
SFCNC in gBGL models, with particular emphasis, in section 4.6, on models close
to BGL models of types b and t. In section 4.7 the implications of gBGL models
for the Baryon Asymmetry of the Universe are discussed.
4.1 Generalising BGL models: gBGL
From eq. (2.31) it is easy to realize that N0d, N0u are complex matrices which contain a
large number of new parameters. They also introduce SFCNC which, as we already
know, have strong experimental constraints. As it was seen in section 2.5 BGL
models are able to control the size of SFCNC, despite their appearance at tree level.
They have some remarkable features which can be summarized in the following way.
(i) Being generated by a symmetry of the full Lagrangian, BGL models are
renormalizable.
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(ii) The only parameters in the couplings of the physical neutral scalars to the
quark mass eigenstates are the elements of the CKM matrix, tβ and the quark
masses.
(iii) In BGL models there are SFCNC either in the up or down sectors, but not in
both. It has been shown [145] that if one imposes a flavor symmetry such that
the SFCNC only depend on V and further assumes that the flavor symmetry
is abelian, then BGL models are unique.
As it was introduced in section 2.5, the symmetries that generate the BGL models
read
• For the up-type BGL models (uBGL):
QL3 ↦ e
iτQL3 ,
dR ↦ dR , Φ1 ↦ Φ1 ,
uR3 ↦ e
i2τuR3 , Φ2 ↦ eiτ Φ2 .
(2.61)




i2τdR3 , Φ1 ↦ Φ1 ,
uR ↦ uR , Φ2 ↦ e−iτ Φ2 ,
(2.62)
with τ ≠ 0, π. It was shown [140] that in order to extend a BGL model to the
lepton sector, with Majorana neutrinos and a realistic seesaw mechanism, the
phase τ must equal π/2 which leads to a Z4 symmetry.
In the work [1] presented in this chapter, we addressed the question whether it
was possible to generalize BGL models so that the new class of models, called
generalized BGL (gBGL), kept some of the interesting features of BGL models, like
renormalizability, but allowing for SFCNC both in the up and the down sectors. The
gBGL models are implemented through a Z2 symmetry, where uR and dR are even
and only one of the scalar doublets and one of the left-handed quark doublets are odd:
QL3 ↦ −QL3 ,
dR ↦ dR , Φ1 ↦ Φ1 ,
uR ↦ uR , Φ2 ↦ −Φ2 .
(4.1)
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The gBGL model generated by the symmetry above includes all BGL models
as special cases. Indeed when the new free parameters contained by gBGL models
are set to zero, what corresponds to taking eiτ in eqs. (2.61)–(2.62) equal −1, a
BGL model is recovered and the Lagrangian acquires a larger symmetry, namely
Z4 1. It is worth emphasizing that gBGL models are implemented through a Z2
symmetry, as it is also the case in the Glashow–Weinberg model with NFC. The
only difference is that the left-handed quark families transform differently in the two
models. In other words, one may say that the principle leading to gBGL constrains
the Yukawa couplings so that each line of Yd,j, Yu,j couples only to one Higgs doublet.
4.2 Yukawa Textures
Imposing the Z2 symmetry in eq. (4.1), the Yukawa matrices in these models
















































where ×, ydij and yuij stand for arbitrary complex parameters. In eq. (4.2), the ydij and
yuij entries have been singled out in order to show how gBGL contain BGL models












































while taking yuij = 0 we obtain uBGL models, with
1We focus on the generalization of BGL models in the quark sector and do not address in
detail the inclusion of the leptonic sector.












































So our goal is achieved, that is, gBGL models include both up and down type
BGL models, while being renormalizable. They also contain SFCNC in both quark
sectors while in the BGL models the SCFCN are confined to one and only one
sector. In the case of gBGL models this features is achieved because the appearance
of SFCNC in one sector depends on the Yukawa couplings of that sector alone,
without regard to the Yukawa couplings in the other sector.
4.2.1 Weak basis invariant conditions
As a summary of the previous discussion, gBGL models are defined by a Z2












































Obviously, these zero texture structures are valid in a particular set of Weak












, P3P3 = P3 , (1 −P3)P3 = 0 , (4.6)
it is straightforward to check that imposing the textures in eqs. (4.5) is equivalent
to the following definition of gBGL models:
P3Yd,1 = 0 , P3Yd,2 = Yd,2 ,
P3Yu,1 = 0 , P3Yu,2 = Yu,2 .
(4.7)
2WB transformations are discussed in detail in section 4.3.1.
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BGL models, are defined by more relations: in terms of P3, uBGL models satisfy
P3Yd,1 = 0 , P3Yd,2 = Yd,2 ,
P3Yu,1 = 0 , P3Yu,2 = Yu,2 ,
Yu,1P3 = 0 , Yu,2P3 = Yu,2 ,
(4.8)
while dBGL models satisfy
P3Yd,1 = 0 , P3Yd,2 = Yd,2 ,
P3Yu,1 = 0 , P3Yu,2 = Yu,2 ,
Yd,1P3 = 0 , Yd,2P3 = Yd,2 .
(4.9)
The last two conditions in eqs. (4.8) and (4.9) give the block diagonal form of the
Yukawa matrices in the corresponding sector (up in uBGL and down in dBGL
models), enforcing the absence of SFCNC in that sector. From these conditions
valid in a set of WB, we can get WB independent matrix conditions for all three
types of models. The conditions of interest for gBGL models are
Y †d,2Yd,1 = 0, Y
†
d,2Yu,1 = 0,




Notice that eqs. (4.10) are satisfied trivially in case Yd,1 = Yu,1 = 0 or in case Yd,2 =
Yu,2 = 0, which correspond to 2HDM of types I or X; note, however, that this kind of
models are not of the gBGL type. Coming back to eqs. (4.10), it is straightforward
to show that they are necessary conditions for gBGL models since, from eq. (4.7),




d,2(P3Yd,1) = 0 , (4.11)
and similarly for the remaining conditions in eq. (4.10). The sufficiency of these
conditions in order to have gBGL models is shown in appendix B, where the relation
with 2HDM of type I is also analyzed.
4.3 Parametrization of gBGL models
The number of free parameters in the gBGL models is clearly lower than in the
general 2HDM case. In this section, we are going to introduce a convenient
parametrization based on projection operators.
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4.3.1 Weak basis invariant projectors




























with WL, WdR and WuR unitary matrices.
If we now take the gBGL definition through projectors in eq. (4.7) for Yd,i and
Yu,i, and go to an arbitrary weak basis, we have
W †LP3WLW
†















































for an arbitrary WB (from now on, we drop the primes). If we choose, for conve-
nience,




where U †uL appears in the usual bi-diagonalization U
†
uLM0uUuR = Mu (see section
4.3.3), then U is an arbitrary unitary matrix and we have a general WB invariant
parametrization in terms of that arbitrary U and of U †uL ; eqs. (4.15) and (4.16) read
P
[uL]




U3 Yd,1 = 0 , P
[uL]
U3 Yd,2 = Yd,2 ,
P
[uL]
U3 Yu,1 = 0 , P
[uL]
U3 Yu,2 = Yu,2 .
(4.19)
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Notice that this UuL dependence reminds us of uBGL models. An alternative
parametrization is obtained taking
W †L = UdLU
′ , (4.20)







U ′3 = UdL(U




U ′3 Yd,1 = 0 , P
[dL]
U ′3 Yd,2 = Yd,2 ,
P
[dL]
U ′3 Yu,1 = 0 , P
[dL]
U ′3 Yu,2 = Yu,2 ,
(4.22)
where now the UdL dependence reminds us of dBGL models. Identifying eqs. (4.17)
and (4.20),
W †L = UuLU = UdLU
′ , (4.23)
and it is straightforward to conclude that one can use equivalently one or the other
parametrization of the same model provided
V † = U †dLUuL = U
′U †, i.e. UU ′† = V . (4.24)
4.3.2 Weak basis covariant parametrization
We have in the general 2HDM3










Assuming the existence of the projection operator P [qL]X3 satisfying
P
[qL]
X3 Yd,1 = 0, P
[qL]
X3 Yd,2 = Yd,2 , (4.27)
P
[qL]
X3 Yu,1 = 0, P
[qL]
X3 Yu,2 = Yu,2 , (4.28)
3Note that eqs. (4.25)–(4.26) do not match with the expressions given in our paper [1]. The
reason is that there is a difference of π/2 in the definition of the Higgs basis rotation in eq. (2.5).
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with X and P [qL]X3 to be specified later,
P
[qL]






































Equations (4.25) and (4.26) can then be rewritten as the general WB covariant
gBGL parametrization
N0d = [−tβ1 + (tβ + t−1β )P
[qL]
X3 ]M0d , (4.31)
N0u = [−tβ1 + (tβ + t−1β )P
[qL]
X3 ]M0u . (4.32)





U3 = UuL(UP3U †)U †uL , (4.33)





U ′3 = UdL(U
′P3U ′†)U †dL , (4.34)
with V = UU ′†, to completely define the model. Let us analyze the details of these
parametrizations, after we finally rotate the quark fields to the mass basis.
4.3.3 Parametrizations in the quark mass basis
Quark fields are rotated in the following manner
u0L = UuLuL, u
0
R = UuRuR, d
0
L = UdLdL, d
0
R = UdRdR, (4.35)
with unitary UqX (q = u, d, X = L,R), such that
U †uLM
0
u UuR =Mu = diag(mu,mc,mt), U
†
dL
M0d UdR =Md = diag(md,ms,mb).
(4.36)
The matrices N0u and N0d are transformed accordingly,
N0u ↦ Nu = U †uLN
0
u UuR , N0d ↦ Nd = U
†
dL
N0d UdR , (4.37)
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and, following eqs. (4.31)–(4.32) e ca write





X3 UdL]Md , (4.38)
Nu = [−tβ1 + (tβ + t−1β )U †uLP
[qL]
X3 UuL]Mu . (4.39)
If we choose the down parametrization in eq. (4.34), eqs. (4.38)–(4.39) give
Nd = [−tβ1 + (tβ + t−1β )U ′P3 U ′†]Md , (4.40)
Nu = [−tβ1 + (tβ + t−1β )V U ′P3 U ′†V †]Mu , (4.41)
while, if we choose the up parametrization in eq. (4.33), eqs. (4.38)–(4.39) give
Nd = [−tβ1 + (tβ + t−1β )V †UP3 U †V ]Md , (4.42)
Nu = [−tβ1 + (tβ + t−1β )UP3 U †]Mu . (4.43)
Equations (4.40)–(4.41) and (4.42)–(4.43) are of course equivalent, since V = UU ′†.
At this point it is important to discuss a central question: it may appear that there
is a large arbitrariness in the definition of the model since there is a completely
arbitrary unitary matrix U involved in eqs. (4.42)–(4.43). Nevertheless, there is
much less freedom since the quantities involving U are
[UP3 U †]ij = Ui3 U∗j3, (4.44)
that is, only the elements of the third column of U , which form a unitary complex
vector, are needed to define the model. To stress this fact, we introduce
n̂
[u]i ≡ Ui3, and n̂[d]i = U ′i3, with n̂[u]j = Vjin̂[d]i , (4.45)
where the subindex [u] or [d] specifies the parametrization under consideration.
The matrix elements of Nu and Nd in equations (4.38) and (4.39) can be writ-
ten, explicitely,
[Nd]ij = −tβδijmdi + (tβ + t−1β )n̂[d]i n̂∗[d]jmdj , (4.46)
[Nu]ij = −tβδijmui + (tβ + t−1β )n̂[u]i n̂∗[u]jmuj . (4.47)
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Since n̂
[u]j = Vjin̂[d]i, one is free to rewrite eqs. (4.40)–(4.41) as
[Nd]ij = −tβδijmdi + (tβ + t−1β )n̂[d]i n̂∗[d]j mdj , (4.48)
[Nu]ij = −tβδijmui + (tβ + t−1β )ViaV ∗jb n̂[d]a n̂∗[d]bmuj , (4.49)
or eqs. (4.42)–(4.43) as
[Nd]ij = −tβδijmdi + (tβ + t−1β )n̂[u]a n̂∗[u]bV ∗aiVbj mdj , (4.50)
[Nu]ij = −tβδijmui + (tβ + t−1β )n̂[u]i n̂∗[u]j muj . (4.51)
One can now identify easily all the usual BGL models with this parametrization. The
notation is straightforward, for example, BGL model “s” corresponds to ŝ, and so on:
































































































































It is also possible to give a graphical description of the gBGL class of models,







= 1, and (∣n̂1 ∣ , ∣n̂2 ∣ , ∣n̂3 ∣) is located on the sphere of unit
radius (specifically, on an octant of that sphere). Furthermore, there are two




























































Figure 4.1: gBGL models.
physical complex phases, since one can readily see that n̂i n̂∗j is unaffected by a
global rephasing of n̂, which can be used to remove one out of the three initial
phases in the n̂ components. This is illustrated in figure 4.1c, where no explicit
reference to up, down or other parametrizations is made4. Figures 4.1a and 4.1b
illustrate the situation for down and up parametrizations, including the usual
BGL models in eqs. (4.52) to (4.55).
4Notice that one can trivially adopt spherical coordinates with, for example, (∣n̂1 ∣ , ∣n̂2 ∣ , ∣n̂3 ∣) =
(sin θ cos φ, sin θ sin φ, cos θ).
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4.4 The scalar sector
The scalar potential, imposing invariance under Φ2 ↦ −Φ2 in eq. (4.1), is

















1Φ2)2 + h.c.] . (4.56)
Obviously, this scalar potential coincides with the one in Glashow-Weinberg model
[112], since in both cases a Z2 symmetry is introduced. In BGL models where
instead of Z2 one uses a larger symmetry, namely Z4, the term in λ5 is not Z4
invariant and therefore cannot be introduced. This leads to a global symmetry
which upon spontaneous breaking would lead to a Golstone boson. This difficulty
can be avoided by softly breaking the discrete symmetry through the addition
of a term (µ212Φ
†
1Φ2 + h.c.). When this bilinear term is introduced, being λ5 ≠ 0,
one can have either spontaneous [176] or explicit CP breaking in the scalar sector.
This will become very important in chapter 5.
4.5 The intensity of SFCNC in gBGL
As it has been mentioned before, SFCNC are extremely constrained by experimental
data, consequently we have to worry about their intensity in gBGL models. We also
know that BGL models are Minimal Flavor Violating, which imply that SFCNC are
controlled by the deviation of the CKM matrix V from 1, i.e. in the limit V = 1,
there are no SFCNC in BGL models at tree level. However, gBGL models are no
MFV and SFCNC are no longer controlled by the deviations of V from unity. The
Yukawa couplings of gBGL models are given, following eq. (2.40), by

















[sαβ(Mu)ij + cαβ(Nu)ij] , (4.58)
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with Nq given in eqs. (4.46)–(4.47), that generically can be written
(Nq)ij = [−tβδij + (tβ + t−1β )n̂[q]in̂∗[q]j]mqj . (4.59)
So, the flavor changing intensities are controlled by Nq with the following factors.
• In an qRj → qLi and in qLi → qRj transitions there is a factor mqj/v. Notice
that in qRi → qLj and in qLj → qRi transitions the factor is instead mqi/v. That
is, in general, for a qj → qi vertex, there is a suppression factor given by the
heaviest of the two quarks mass, max(mqi ,mqj). This suppression factor is a
very relevant one except, obviously, for any transition where the top quark is
present.
• A factor cαβ(tβ + t−1β ); from perturbative unitarity requirements on the scalar
sector, is constrained to be at most one [143, 177–180]. Notice that in the
limit cαβ → 0, the SFCNC associated to the standard Higgs h disappear, and
the ones associated to the remaining scalars can be suppressed by making
them heavier. Therefore, this is the quantity which, in a global approach, is
bounded from above by Higgs mediated SFCNC processes.
• Finally, there is the factor n̂
[q]in̂
∗
[q]j, which ranges from 0 to 1/2 (which
is only reached when only one transition is allowed). We remind that in
BGL models, the analogous factor is ViqV ∗jq. With the naive bounds on
cαβ(tβ + t−1β ) from meson mixings in [143], one can compare and analyze how
the suppression factors change in these new gBGL models. We collect the
suppression factors for the different transitions in all BGL models in table
4.1 (with the corresponding power counting in Wolfenstein’s parameter λ).
One has to compare the maximum value of ∣n̂
[q]in̂
∗
[q]j ∣max = 1/2 with λ, which
corresponds to the less suppressed transition in some BGL models. This
means that the most stringent constraint on BGL models obtained in [143]
for ∣cαβ(tβ + t−1β )∣ should be reduced by a factor 2λ. In this way, taking into






cd ∼ λ VusV
∗



























d↔ s V ∗udVus ∼ λ V
∗




d↔ b V ∗udVub ∼ λ
3 V ∗cdVcb ∼ λ
3 V ∗tdVtb ∼ λ
3
s↔ b V ∗usVub ∼ λ
4 V ∗csVcb ∼ λ
2 V ∗tsVtb ∼ λ
2
Table 4.1: CKM suppression in SFCNC transitions in BGL models.
account the analysis of [143] and the constraints in [181], one can conclude
that the gBGL models are safe, over the entire parameter space, provided
∣cαβ(tβ + t
−1
β )∣ ≤ 0.02 . (4.60)
This constraint arises from D0–D̄0 mixing and it turns out to be more stringent
than the K0–K̄0 one. It is worth mentioning that in some regions of the
parameter space, this constraint will be relaxed. For example, in all BGL
models this constraint is much weaker as shown in reference [143], and in some
of them ∣cαβ(tβ + t−1β )∣ can span the entire theoretically allowed parameter
space, arriving to values of order 1.
A final remark is related to the absence of the mass suppression factor on t↔ q
transitions in gBGL models. In this case, the relevant bounds come from rare
top decays t → hu,hc, which give [143]
















β )∣ ≤ 0.3 , (4.62)
5The experimental bounds, at the time when this model was presented, from ATLAS [184] and
CMS [185, 186] yielded ∣cαβ(tβ + t−1β )∣ ≤ 0.4
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So we can conclude that SFCNC in the gBGL framework are not much larger that
the ones produced by the BGL models. This is in spite of having simultaneously
SFCNC in the up and in the down sectors. In the next sections we discuss
other important differences.
4.6 Near the top and the bottom models
It is worth mention that BGL top and bottom models are the only renormalizable
2HDM that verify the MFV principle in any of the different versions one can find
in the literature [138]. In this section we analyze in greater detail the properties
of gBGL models that are “close” to these models, that is, that they depart from
the top or bottom models by a “small amount”. As we know, the SFCNC in the
down and the up sectors of the top model arise from
(Nd)ij = (tβ + t−1β ) t̂[d]it̂∗[d]j mdj , (Nu)ij = (tβ + t−1β ) t̂[u]it̂∗[u]j muj , (4.63)






















It is clear that the BGL top model does not have SFCNC in the up sector. Let us
now consider small deviations from t̂[d] near the top model parameterised in terms
of a complex vector δ⃗ = (δd, δs, δb) (with the appropriate normalization):




V ∗td(1 + δd)
V ∗ts(1 + δs)





The elements of t̂[d] + δ̂t[d] control the flavor structure of the New Physics contribu-
tions to K0–K̄0, B0d–B̄0d and B0s –B̄0s . In particular, the leading order contributions
6The maximal value of ∣n̂[u]qn̂∗[u]t∣ cannot be obtained, obviously, for both t→ hu and t→ hc
simultaneously.
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to the different meson mixings M12 have the following form:
M12[K
0]∝ (V ∗tdVts)












2[1 + 2(δ∗b + δs)] . (4.66)
Therefore, taking into account the phases of the dominant terms (V ∗tiVtj)2, we
can conclude that these “near top” models will give the same contribution to
meson mixings provided
Re (δd) ∼ Re (δs) ∼ Im (δs) ≤ O(λ2), and Im (δd) ∼ Im (δb) ≤ O(λ3) . (4.67)
Notice that we are not stating that these models do not have any contribution
to the meson mixings, the point is, rather, that these models are “like the top
BGL” in the sense that they give the same contributions to K0–K̄0, B0d–B̄0d and
B0s –B̄0s mixings. The immediate question is then: do these models produce too
strong SFCNC in the up sector, in particular in D0–D̄0 or in top decays? SFCNC
in the up sector are controlled by
t̂[u] + δ̂t[u] = V


















2 ≤ λ18 , (4.69)
much smaller than any of the contributions in dBGL models.






eq. (4.61) with the value obtained in the present case, ∣(1 + δb)δbVcbV ∗tb ∣
2
∼ O(λ8).
The conclusion is evident in the whole parameter space: these models will produce
t→ hc still below the actual experimental bounds. The same conclusion applies to
t → hu. In the next section we will see that these models can depart in a sizable
way from the top BGL model in different physical observables.
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This model generates SFCNC in the up sector, and in particular it contributes to
D0–D̄0 mixing but not to K0–K̄0, B0d–B̄0d and B0s –B̄0s ; gBGL models close to the
b̂ model that keep its essential properties are obtained with












δu ∼ δc ∼ δt ≤ O(λ
2) , (4.72)
as before. To see what happens with the important constraints in the down sector,
we show, as before, that b̂[d] + δ̂b[d] = V (b̂[u] + δ̂b[u]),




V ∗tdVtb(δt − δc) + V
∗
udVub(δu − δc)







is the relevant quantity. With values as in eq. (4.72), it turns out that the
contributions to the mixing in the down sector are much smaller than in any
uBGL model. Nevertheless, we will also see, in the next section, that there are
important differences with respect to the bottom dBGL model in other observables
while considering the same kind of parameter values close to the bottom model.
4.7 Baryon Asymmetry of the Universe
4.7.1 The leading gBGL contribution
The presence of additional sources of flavor and CP violation in the gBGL models can
enhance the contribution to the Baryonic Asymmetry of the Universe (BAU) with
respect to SM expectations. Having Nu and Nd in addition to Mu and Md, a weak
basis invariant with a non-zero imaginary part already arises [187] at the 4th order78:
Im (Tr{N0dM
0†
d M0uM0†u }) . (4.74)






8The rephasing invariance in the Higgs sector [111] imposes that the complete invariant should
include the H†2H1 coefficient in the Lagrangian: (µ211 − µ222)sβcβ [109]. This does not introduce
new phases.
4. Generalizing BGL Models 85
Considering N0d in eq. (4.31),
Im (Tr{N0dM
0†




d M0uM0†u }) . (4.75)
For P [qL]X3 = P
[dL]
U ′3 , that is, in the down parametrization, eq. (4.34),
(tβ + t
−1











β )Im (Tr{(U ′P3U ′†)MdM
†
dV
†MuM†uV }) . (4.76)











































Although we have used the down parametrization (from eq. (4.76) onwards) for the
later discussion the results obtained if the up parametrization is used instead are
completely analogous. In eq. (4.79) we can see that the contributions to the BAU
vanishes for i = j what means that SFCNC must exist . This relation between the
SFCNC and CP violation will be the center of the discussion in chapter 5.





let us first retain only potentially leading contributions in terms of masses and
powers of the Wolfenstein parameter λ [33],
Im (Tr{N0dM
0†



































































2] } . (4.81)











where J is the rephasing invariant imaginary part of the CKM quartets [191],
J = Im (V ∗csVtsV ∗tbVcb) ≃ 3 × 10−5 and E ∼ 100 GeV an energy of the order of the
electroweak scale one. In eq. (4.81), we have contributions like the last one, giving

















ts) and ∣n̂[d]3n̂∗[d]2∣ (which has a maximal value of 1/2), is:
BAUgBGL
BAUSM















∼ 1016(tβ + t−1β ) ∣n̂[d]3n̂∗[d]2∣ sinα , (4.84)
showing that there is margin for substantial enhancement of the BAU with respect
to the SM, and with respect to BGL models too [187].
4.7.2 The vanishing BGL limits
In BGL models, the previous contribution is vanishing: let us explicitely check this
known result [187]. For dBGL models, with n̂d in eq. (4.52), only one component




u }) = 0. The situation is slightly more




Then, going back to eq. (4.78),







kj , (uBGL q) . (4.85)
Since, from unitarity of V , ∑i V ∗qiVki = δqk, eq. (4.85) gives





2 , (uBGL q) , (4.86)




u }) = 0.
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4.7.3 Rephasing invariance
Although we have already mentioned that there are only two physical phases in
n̂
[d] or n̂[u], it is important to check that the invariant in eq. (4.79) is, at it should,
invariant under individual rephasings of the different quark fields:
d↦ eiϕ1d, s↦ eiϕ2s, b↦ eiϕ3b,
Vqd ↦ e
iϕ1Vqd, Vqs ↦ e
iϕ2Vqs, Vqb ↦ e
iϕ3Vqb . (4.87)
The origin of the rephasing of the CKM matrix is straightforward: since V = U †uLUdL ,












Then, since in eq. (4.76) P [dL]















U ′ , (4.89)





and eq. (4.79) is clearly rephasing invariant.
4.7.4 Enhancements in models near the top and the bottom
models
























u)Im (V ∗csVtsV ∗tbVcb) , (4.91)
in such a way that the ratio to the SM BAU is, for E ∼ 100 GeV,
BAUBGL−t
BAUSM





∼ 1 . (4.92)
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Therefore, as far as CP violation is concerned, the top model suffers the same
problem as the SM in not being able to generate sufficient BAU. There is no
enhancement in the top BGL 2HDM. We can now consider a small departure from










ts) ∼ ∣Vts ∣
2Im (δb + δ∗s ) , (4.94)
and eq. (4.65) gives
BAUnear t
BAUSM
= 1016(tβ + t−1β )∣Vts ∣Im (δb + δ∗s ) , (4.95)
that can produce an enhancement as large as 1012. Even if we are close to a top
BGL model we find that, contrary to what happens with top model itself, there
can be enough CP violation in this class of models to generate the BAU. In an
analogous way, the BAU generated in the bottom BGL model is proportional to
Im (Tr{MuN†uMuM†uMdM†dMuM†u})


















d)Im (V ∗csVtsV ∗tbVcb) , (4.96)
and the ratio to the SM BAU, for E ∼ 100 GeV, is
BAUBGL−b
BAUSM





∼ 105 . (4.97)
In a pure bottom model there is still not enough CP violation – coming from the
Yukawa sector – to generate the BAU. But, if we depart from an exact bottom
BGL model in the manner explained in eq. (4.71), with
n̂
[d]3 ∼ ∣Vtb ∣







ts) ∼ ∣Vtb ∣
4∣Vts ∣
2Im (δ∗t − δ∗c ) , (4.99)
and we obtain, for the models near the bottom BGL one,
BAUnear b
BAUSM
= 1016(tβ + t−1β )∣Vts ∣Im (δ∗t − δ∗c ) , (4.100)
that is, a potential enhancement of 1013 with respect to the SM.
–I feel like spring after winter, and sun on the leaves;
and like trumpets and harps and all the songs I have
ever heard!
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
5
The framework for a common origin of
δCKM and δPMNS
In this chapter we study the possibility of having a relation between CP violation
in the quark and lepton sectors, parametrized by the phases δCKM and δPMNS,
respectively, of the CKM [29, 30] and PMNS [31, 32] mixing matrices. This question
is specially important in view of the efforts to detect leptonic CP violation in
neutrino experiments such as Dune, T2K and Nova [192–194]. At present, there
is solid experimental evidence that CKM is complex, even if one allows for the
presence of New Physics contributing to CP violation [105, 195].
The fact that CKM is complex does not imply that CP violation is violated at
the Lagrangian level through complex Yukawa couplings. Indeed it has been pointed
out [196] that one may have a vacuum induced CP violation generating a complex
CKM matrix in agreement with experiment. If one considers an extension of the
Standard Model with non-vanishing neutrino masses and assumes that the origin of
CP violation is the presence of complex Yukawa couplings, then there is no relation
between δCKM and δPMNS. This just reflects the fact that in the SM the lepton and
the quark Yukawa couplings are completely independent quantities. If one wants to
obtain a relation between δCKM and δPMNS, an interesting possibility is to assume
that CP is spontaneously broken, with the vacuum phase generating both the phase
89
90 5.1. The model
in the quark and in the lepton sectors. In this section, we consider the extension to
the leptonic sector of a previously proposed viable minimal model [196] where the
Lagrangian respects CP invariance but the vacuum is CP violating, with a complex
phase which generates a complex CKM matrix. The model consists of a generalized
Branco-Grimus-Lavoura model [1, 133, 138, 140] with a flavored Z2 symmetry.
It was shown in Ref. [196] that there is a profound connection between the
possibility of generating a complex CKM matrix and the existence of tree level
Scalar Flavor Changing Neutral Couplings both in the up and down quark sectors.
The same correlation also occurs when one extends the model to the leptonic sector.
In order for δPMNS ≠ 0 to be generated one has to have SFCNC both in the charged
lepton and neutrino sectors. The fact that SFCNC necessarily arise in the class
of models which we are considering is both an obstacle and a blessing. It is an
obstacle because one has to analyze which models are able to conform to the strict
experimental limits on SFCNC in the quark and lepton sectors. It is a blessing
because the class of models we are considering are falsifiable in the sense that they
imply SFCNC at a level which can be probed at different experiments.
The chapter is organized as follows. In the next section we present the model,
including the quark and lepton sectors. In section 5.2 we analyze how δCKM and
δPMNS are generated. In section 5.3 we analyze how CP violation requires the
presence of SFCNC. Section 5.4 is dedicated to a study of a general relation between
δCKM and δPMNS. In section 5.5 we present simplified models incorporating Minimal
Flavor Violation [136, 197] and the connection to SFCNC; a specific model is
analyzed in detail, including the prediction of δPMNS arising in this subclass of models.
5.1 The model
The gBGL model studied in chapter 4 provides the required features in order to
achieve our goal, i.e. to relate the CKM and PMNS complex phases. The fact
that gBGL models contain SFCNC in both the up and the down sector plays
a key role here. The only difference here with respect to what we have studied
in the previous chapter resides in the scalar potential since we will require it to
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spontaneously break CP while the scalar potential in eq. (4.56) is CP conserving.
As we saw in chapter 2, the Yukawa sector of the most general 2HDM, in the
case of Dirac neutrinos, can be written as
LY = − Q̄
0
L (Φ1Yd,1 +Φ2Yd,2)d0R − Q̄0L (Φ̃1Yu,1 + Φ̃2Yu,2)u0R
− L̄0L (Φ1Y`,1 +Φ2Y`,2) `0R − L̄0L (Φ1Yν,1 +Φ2Yν,2)ν0R + h.c. .
(2.26)
Here, we extend the model presented in reference [196], where the CKM phase was
generated from the vacuum phase, to the leptonic sector. The model is enforced
by a Z2 symmetry, both in the quark and leptonic sectors. The fields Φ2, Q0L3 and
L0L3 are odd under Z2, the rest of the fields are even under Z2. This symmetry
was presented in chapter 4 (see eq. (4.1)) since it gives rise to the so-called gBGL1
textures [1] for the original Yukawa coupling matrices Yf,i:






















with × denoting generic entries.
The structure of the matrices is such that Yf,2 = P3Yf,2 and Yf,1 = (1 −P3)Yf,1
where P3 is the projector in eq. (4.6) what leads to the most relevant property
which is the following:
N0f = [−tβ1 + (tβ + t−1β )P3]M0f . (5.3)
Note that even if N0f are proportional to M0f , this proportionality involves a diagonal
matrix different from the identity. This means that in general it will not be possible
to bi-diagonalize both matrices simultaneously. The matrices N0f control the scalar
mediated flavor changing neutral couplings.
1In chapter 4 we limited ourselves to the quark sector, here the Z2 symmetry is also applied to
the leptonic fields.
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Regarding the scalar sector, the scalar potential2 has the following form



















1Φ2)2 + h.c.) . (5.4)





into scalar potential in eq. (4.56), and being λ5 ≠ 0, one can have either spontaneous
[176] or explicit CP breaking in the scalar sector. This is going to play a key role
in the following since the complex phase generated at the spontaneous symmetry
breaking will be the responsible of generating the mixing matrices phases. Even with
µ212, λ5 ∈ R, which produces a CP invariant potential, CP can be violated through
the vacuum phase. For further details concerning the scalar sector see Ref. [196].
5.2 Generation of CP violating CKM and PMNS
matrices
It is clear that the global phase θ1 in the M0f and N0f in eqs. (2.29)–(2.30) can be
rephased away by redefining the phases of the Hi fields or of the right handed
fermion fields, and thus we set θ1 = 0 from now on without loss of generality. Note




As shown in reference [196], taking into account the reality condition in eq. (5.5)
and the position of the irremovable phase θ in the textures in eqs. (5.1)-(5.2), the











M̂0f = ϕ3(σf) M̂0f , (5.6)
where M̂0f are arbitrary real mass matrices and σd = σ` = θ, σu = σν = −θ. Note
that the diagonal matrix of phases ϕ3(σf) can be written as
ϕ3(σf) = 1 + (eiσf − 1)P3. (5.7)
2Note that comparing to the gBGL scalar potential in eq. (4.56) here the symmetry is softly
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It is clear that θ, the relative phase among the vacuum expectation values of
the original scalar fields, is the unique source of irremovable complexity in the
mass matrices, and thus it is the candidate to generate the phases in the CKM
and PMNS mixing matrices. To analyze the mixing matrices it is sufficient to
diagonalize M0fM
0†
f : following eq. (5.6),
M0fM
0†
f = ϕ3(σf)M̂0fM̂0f Tϕ3(−σf). (5.8)
Since M̂0fM̂0f T is real, symmetric (and positive definite), it can be diagonalized
with a real orthogonal (rotation) matrix OfL
OTfLM̂
0









f UfL = diag(m2f1 ,m
2
f2
,m2f3), UfL = ϕ3(σf)OfL . (5.10)








in such a way that the fermion mass matrix bi-diagonalization reads













Correspondingly, the CKM mixing matrix V = U †uLUdL and the PMNS mixing
matrix U = U †`LUνL , defined with the usual conventions in the charged currents
W ± interactions, are:




Since OfL are arbitrary real rotations, it is evident that there is enough freedom in
eq. (5.13) to obtain arbitrary V and U , except for the fact that any CP violating
observable in the quark sector and any CP violating observable in the lepton sector,
must vanish with θ → 0. It is thus interesting to scrutinize in detail the relation that
must exist among the CP violating phases in V and U , δCKM and δPMNS respectively.
Anticipating the discussion in section 5.4, δCKM and δPMNS will simply correspond to
the CP phases in a standard parametrization; notice that, a priori, the change of sign
in θ entering V and U in eq. (5.13), does not imply in general that δCKM = −δPMNS.
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5.3 CP violation and the presence of SFCNC
It was shown in [196] that in this class of 2HDMs with spontaneous CP violation,
there is a deep connection between the complexity of the CKM matrix and the
presence of SFCNC. Since there is no evidence yet of SFCNC beyond the SM, the
simplest approach in the analysis of these models would be to impose that SFCNC
are absent. As discussed in [196], this leads to a real CKM, contrary to evidence,
and thus SFCNC are necessary. We recall here the essence of this connection.
The appearance of SFCNC is encoded in the N0f matrices in eq. (2.29), which con-
trol the Yukawa couplings of H2; in the fermion mass bases, N0f → Nf , and eq. (5.3)
gives
Nf = U †fL N
0
f OfR = [−tβ1 + (tβ + t−1β )P
[f]
3 ]Mf
= [−tβ1 + (tβ + t−1β )P
[f]
3 ]diag(mf1 ,mf2 ,mf3),
(5.14)






P3 UfL = OTfL P3OfL . (5.15)
In eqs. (5.14)-(5.15), SFCNC are controlled by the real projectors P [f]3 , in particular
the off-diagonal entries of P [f]3 , which are controlled by the OfL matrices, which
also give the CKM and PMNS mixing matrices.
It is important to notice that, by construction,
P
[u]









Equation (5.16) means that SFCNC in the up and down quark sectors are not
independent, they are related through the CKM matrix. For example, if one fixes
SFCNC in the up quark sector, SFCNC in the down quark sector are completely
determined; this fact will be particularly relevant in order to address appropriately
the count and the election of the independent parameters in the model. The
situation in the lepton sector is analogous.





= (OTfL P3OfL)ij = (OfL)3i (OfL)3j ≡ r̂[f]ir̂[f]j , (5.17)
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where r̂
[f]i ≡ (OfL)3i are the components of real, unit vectors in three dimensions r̂[f],
the third rows of the orthogonal matrices OfL . In principle each r̂[f] would require









in such a way that r̂
[d]k is fixed once r̂[u]j and Vjk are known,
and similarly for r̂
[ν]k
with respect to r̂
[`]j
and Ujk. The only way to avoid SFCNC





= δikδjk ≡ (Pk)ij , (5.18)
for a fixed k, i.e. P [f]3 = Pk for that given f . Consider, for example, the absence of
SFCNC in the neutrino sector, that is P [ν]3 = Pk. Using eq. (5.7) in eq. (5.13),
U = OT`Lϕ3(−2θ)OνL = O
T
`L
OνL [1 + (e−2iθ − 1)OTνLP3OνL]
= OT`LOνL [1 + (e
−2iθ − 1)P [ν]3 ] = OT`LOνL [1 + (e
−2iθ − 1)Pk] .
(5.19)
Then the PMNS matrix U is written as a real rotation times a diagonal matrix
of phases (with e−2iθ in position k and the rest of them 1), and thus there is no
CP violation. Similarly, if one starts with the absence of SFCNC in the charged
lepton sector, P [`]3 = Pk and





= [1 + (e−2iθ − 1)P [`]3 ]OT`LOνL = [1 + (e
−2iθ − 1)Pk]OT`LOνL ,
(5.20)
giving again a CP conserving mixing matrix. Therefore, in this model, in order to
have a non-vanishing CP violating phase in the CKM matrix, there must be tree
level SFCNC both in the up and in the down quark sectors and, mutatis mutandis,
in order to have a non-vanishing CP violating phase in the PMNS matrix, there
must be tree level SFCNC both in the neutrino and in the charged lepton sectors.
5.4 The general relation between δCKM and δPMNS
From the discussion in the previous sections, it is important to recall that
(i) θ ≠ 0 arising from the vacuum is the only possible source of CP violation in
the CKM and in the PMNS mixing matrices,
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(ii) if SFCNC are removed in one fermion sector, CP violation in the corresponding
mixing matrix disappears even if θ ≠ 0.
The CKM and PMNS matrices can be parametrized, up to rephasing of fields, in





23, δq} and {θ`12, θ`13, θ`23, δ`} respectively. In the quark sector, experi-




23, and of the CP violating
phase δq, which is neatly different from zero. In the lepton sector, experimental
information allows to extract θ`12, θ`13, θ`23, but the phase δ` remains ’the last
frontier’, where some sensitivity is emerging in current analyses [198, 199], but
still far from a neat determination.
Although the form of the CKM and PMNS matrices in eq. (5.13) is different
from the PDG parametrization, one can impose in an invariant manner that V









23, δ`} (see appendix C for a detailed explanation). In particular, δCKM,
the CP violating phase in V , is the model prediction for δq and similarly δPMNS,
the CP violating phase in U , is the model prediction for δ`. We already know that
if θ = 0, then δCKM = δPMNS = 0, but θ ≠ 0 ⇏ δCKM ≠ 0, δPMNS ≠ 0.
At this point, we need to discuss the independent parameters in the model. We
start with the quark sector, keeping in mind that an important goal is to analyze
how information on CP violation in the quark sector, i.e. the constraint δq = δCKM,
can translate into some prediction on δPMNS.
The CKM matrix in eq. (5.13) involves 7 real parameters: 3 in the rotation OuL , 3
in the rotation OdL , and θ. It should match the four independent quantities measured




23, δq}. Besides the CKM matrix, the
parameters in OuL and OdL , in particular the ones in (OuL)3j = r̂[u]j, (OdL)3j =
r̂
[d]j (see eq. (5.17)) also control the SFCNC which, we recall, must be present:
they involve 2 of the parameters in OuL , OdL . This means that measurements
of CKM and SFCNC processes (e.g. h → uc̄, ūc, t → hc, t → hu, h → bs̄, b̄s, etc),




23, δq} and of {r̂[u]1, r̂[u]2} (or, equivalently, of
2 independent r̂
[u]j, r̂[d]k), can provide sufficient constraints to fix the parameters
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of the model. Although there are in principle 7 parameters, one can reduce this
number to 6 in a simple manner, as we now discuss. Each rotation can be written















































and cx = cosx, sc = sinx.
If one chooses a parametrization with R1(pf1) = R12(p
f
1) in both OuL and OdL
(i.e. the leftmost rotation only acts in the 1-2 plane), for example















it is clear (note the ϕ3(2θ) diagonal structure in eqs. (5.6)-(5.7)) that, rather than
pu1 and pd1 separately, only pu1 − pd1 enters V and we can eliminate one parameter
at once (we simply set pd1 = 0 without loss of generality). In summary, the




23, δq, r̂[u]1, r̂[u]2}, and could fix the
model parameters {pu1 , pu2 , pu3 , pd2, pd3, θ} (a full analysis along these lines was presented
in [196]). The most important aspect here, in which we are interested, is the fact
that, ideally, one can fix θ with this procedure, since CP violation is well established
in the quark sector. One can address the lepton sector similarly with















Again, one can set pν1 = 0 without loss of generality, ending up with {p`1, p`2, p`3, pν2, pν3, θ}
as parameters in the lepton flavor sector. The experimental information on PMNS
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strongly constrains {θ`12, θ`13, θ`23}; additional information from SFCNC sensitive
processes like h → `i ¯̀j, i ≠ j, is needed in order to constrain or fix the parameters
in eq. (5.26). The crucial point is that θ can be a priori fixed in the quark sector
and thus, with one less experimental input in the leptonic sector, one could in
principle predict the value of the CP violating Dirac phase δ` in PMNS prior to its
measurement. It is in this sense that we can ideally relate the PMNS phase to the
CKM phase in this class of generalized BGL-2HDM with spontaneous CP violation.
5.5 Simplified models incorporating MFV and
their connections to SFCNC
In the full analysis of the quark sector presented in [196], it was shown that the
model was viable after surmounting a large set of constraints related to flavor
transitions, Higgs signals, electroweak precision and requirements on the scalar
potential. In particular, the right amount of CP violation in the CKM matrix could
be accommodated, together with the presence of SFCNC. Surprisingly, this could
be achieved with significant freedom in the values of θ and SFCNC. Therefore,
direct generalization of the full analysis to include the lepton flavor sector does
not appear to be the most promising avenue to explore the connection among CP
violation in the CKM and PMNS mixing matrices in this kind of model, since this
connection is blurred by this remaining freedom in θ and SFCNC.
An interesting possibility is to restrict the model by making simplifying assump-
tions about SFCNC, with these assumptions guided by – and thus compatible with –
experimental data. In the following we focus on that kind of restricted scenario. We
will first address the quark sector and then discuss the extension to the lepton sector.
5.5.1 Quark sector
As explained in section 5.3, eliminating SFCNC either in the up or in the down quark
sector, definitely simplifies SFCNC but eliminates altogether a CP violating CKM
matrix. The next level of simplification would be to impose the absence of some
SFCNC. Considering the general structure of SFCNC, proportional to r̂
[f]j r̂[f]k, the
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only simplified alternative between the most general possibility and the absence of
SFCNC is to assume only one vanishing component r̂
[f]i = 0 for a given i = 1, 2 or 3;
in that case only one SFCNC transition j ⇆ k is present (i, j, k all different). Notice
that, a priori, one can make this kind of assumption simultaneously in both the up
and the down sectors: that is, for given i and l, one can in principle impose r̂
[u]i = 0
and r̂
[d]l = 0. According to the discussion in section 5.4, we have 6 parameters that
need to satisfy the 4 constraints to obtain a realistic CKM matrix, to which we
are now adding these 2 new requirements on SFCNC. One can indeed implement
these 2 SFCNC conditions directly with a reduction from 6 to 4 parameters in our
CKM matrix in eq. (5.23). Notice, in that case, that the models incorporate the
MFV ansatz [136, 197], since they have exactly as many parameters in the flavor
sector as the CKM matrix requires. Furthermore, the only non-vanishing SFCNC
coupling in each sector will be controlled by one of the mixing angles of CKM.
Regarding the quark sector, one can consider, in principle, 9 different models
of this type, out of which only one appears to satisfy the requirements to be
viable. In the following we analyze how there is only one model which satisfies
some basic requirements. We use the following notation to identify the different
models: model (ud) = (jk), j, k = 1, 2, 3, is the model in which r̂
[u]j = 0 and r̂[d]k = 0:
j identifies which generation does not have SFCNC in the up quark sector and
similarly for k in the down quark sector. The extension of the notation to the




in eq. (5.38), the complete label
of the model is (ud, ν`) = (12,32).
In principle, one would need to perform an analysis of each model similar to
the one in [196], extended to the lepton sector (what would lead to 81 different
analysis), a task which is beyond the scope of the work [5] presented in this chapter.
It is nevertheless possible to consider simpler analyses and a few requirements to
understand how all but one model have to be discarded.
The first requirement in the quark sector is that a CKM matrix in agreement
with data can be obtained. All 9 models (ud) = (jk), j, k = 1,2,3, can give a good
CKM matrix. The next requirement concerns SFCNC: if one sorts the absolute
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value of the components of r̂
[f], ∣r̂[f]Max∣ ≥ ∣r̂[f]Mid∣ ≥ ∣r̂[f]Min∣, the presence of SFCNC
is necessary in order to obtain a complex CKM matrix, which means ∣r̂
[f]Mid∣ > 0.
Notice that in the class of models under consideration, r̂
[f]Min = 0. In the analysis of
[196], rather restrictive ranges for ∣r̂
[u]Mid∣ and ∣r̂[d]Mid∣ were obtained. We impose
that constraint as a proxy for more involved analyses, explicitely we require
∣r̂
[u]Mid∣ ∈ [0.04; 0.25], ∣r̂[d]Mid∣ ∈ [0.003; 0.10]. (5.29)
Models (ud) = (13), (21), (22), (23), (33), violate grossly that requirement when a
good CKM matrix is obtained. Although model (ud) = (11) can give values close
to the ranges in eq. (5.29), it cannot produce a good CKM matrix while satisfying
eq. (5.29). Models (ud) = (31) and (32) can produce a good CKM matrix and also
fulfill eq. (5.29) with ∣r̂
[u]1r̂[u]2∣ ≃ 0.22. The corresponding h-SFCNC interaction is




(cLuR) contributing to D0–D̄0 mixing. Omitting the possibility of significant
cancellations with similar contributions mediated by H and A, D0–D̄0 mixing sets
strong bounds on Chud (see for example [181]), which cannot be satisfied within
models (ud) = (31) and (32).
The only model left in the quark sector is (ud) = (12) which is the specific
example that we consider now, step by step, in order to illustrate the central idea.
1. We start imposing the following form of the r̂
[f] vectors controlling SFCNC:
r̂
[u] = (0,− sin pu2 , cospu2) ,
r̂
[d] = (− sin pd2,0, cospd2) ,
(5.30)
with parameters pu2 , pd2. The assumption in eq. (5.30) is that t⇆ c and b⇆ d
SFCNC are present while u⇆ c, u⇆ t, d⇆ s, b⇆ s SFCNC are absent.
2. Concerning CKM, since r̂
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One can add a factor R12(pd1) to the left of R13(pd2) in OdL but, as discussed
previously, this would just amount to a redefinition pu1 ↦ pu1 − pd1. The main








3. Performing a fit of eq. (5.32) to the measured CKM matrix (see appendix C),
one obtains
2θ = 1.077+0.039−0.031, pu1 = 0.22694 ± 0.00052,
pu2 = (4.235 ± 0.059) × 10−2, pd2 = (3.774 ± 0.098) × 10−3 .
(5.33)
In order to relate δCKM and δPMNS it is specially relevant that the quark sector
fixes θ.
4. In addition, eq. (5.33) fixes SFCNC with
r̂
[u] = (0,−0.0423,0.9991) , r̂[d] = (−0.0038,0,0.9999) . (5.34)
A non-trivial result is that the values in eq. (5.34) are within the allowed
regions arising in the analysis of [196] (for example in figures 6(b) and 6(c)).
Even if eq. (5.34) fixes the intensity of SFCNC, the precise effects in specific
processes depend on parameters such as tβ and elements Rjk of the mixing
matrix of neutral scalars in eq. (2.14). With 2θ = 1.077, ∣sin 2θ∣ = 0.88 and one
can read in figure 9 of [196]
R11 ∈ [0.82; 0.90], tβ ∈ [0.5,1.8]. (5.35)
5. Then, the most relevant prediction of this model in terms of SFCNC concerns
t→ hc decays, where
Br(t→ ch) = 12




2f(xh, xW ), (5.36)
f(xh, xW ) = 0.2612 . With eqs. (5.34) and (5.36), one obtains
1.8 × 10−4 ≤ Br(t→ ch) ≤ 4.3 × 10−4 . (5.37)
Notice that the range predicted in eq. (5.37) is rather reduced and indeed not
far from current LHC bounds [200, 201].
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2 ∼ 1.6 × 10−5, b ⇆ d
SFCNC have a negligible effect in B0d–B̄0d oscillations, while h → b̄d, bd̄ are
beyond the LHC capabilities.
5.5.2 Lepton sector
We address now the lepton sector, applying analogous requirements on SFCNC
to the ones considered for the quark sector in the previous subsection. In the
lepton sector, the most stringent constraint comes from bounds on µ → e + γ. If
we only allowed µ⇆ e SFCNC, the coupling would be controlled by ∣UeiUµi∣
2 with
i = 1,2 or 3. Since PMNS is rather non-hierarchical, one can estimate [143] that
avoiding the current bound Br(µ→ e + γ) < 4.2 × 10−13 [202] requires a cancellation
or fine-tuning at the 10−4–10−5 level among scalar and pseudoscalar contributions
in 2-loop Barr-Zee contributions [203, 204].
1. It is mandatory to eliminate µ⇆ e SFCNC: this can be achieved either with
r̂
[`]1 = 0 or r̂[`]2 = 0. In the neutrino sector all three choices r̂[ν]k = 0, k = 1, 2, 3
are in principle available. The problem of exploring the viable models is then
reduced to analyze the requirements on the lepton sector of the 6 models
(ud, ν`) = (12, jk), j = 1,2,3, k = 1,2. Models (ν`) = (11), (21), (31), can
produce a realistic PMNS matrix, but then ∣r̂
[`]2r̂[`]3∣ is close to its maximal
value, 1/2, yielding too large Br(h → µτ) predictions. On the other hand,
models (ν`) = (12), (22), cannot produce a realistic PMNS matrix; model
(ν`) = (32), on the contrary, can produce a good PMNS matrix. We are
left with (ud, ν`) = (12,32), the model considered next, as the only viable
candidate:
r̂
[ν] = (− sin pν2, cospν2,0) ,
r̂



























The inclusion of P23 deviates, apparently, from the general parametrization in-
troduced in eq. (5.21). While R13(p) and R23(p) naturally have one vanishing
component in the third row (the one controlling SFCNC) in position 2 and 1
respectively, parametrizing the MFV models in which the vanishing component
is in position 3 requires an additional consideration. This permutation P23 is









































that is, P23 can be simply viewed as a product of a fixed rephasing and a 2-3
rotation with fixed angle π/2 and thus there is nothing essentially different
with respect to the other cases.
As discussed previously, we do not include a left factor R12(pν1) in OνL , since
it amounts to a redefinition of p`1 → p`1 − pν1.








It is fully fixed by 3 mixing angles and the CP violating phase θ already
obtained in the quark sector.
4. We can fit now eq. (5.43) to the experimental information on PMNS encoded
in {θ`12, θ`13, θ`23} (see appendix C). In this fit, θ is already set to the value
obtained from the fit to the CKM matrix in eq. (5.33). Although different
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PMNS analyses [198, 199] show some sensitivity to the phase δ`, we do not
include that information in the fit since we are precisely interested in its
prediction. The fit gives the following two solutions,
Solution 1 ∶ p`1 = 0.7496, p`2 = 1.3541, pν2 = 0.8974 , (5.44)
Solution 2 ∶ p`1 = 2.3889, p`2 = 1.3541, pν2 = 1.0542 . (5.45)
SFCNC are controlled in both cases by
r̂
[`] = (−0.9765, 0, 0.2156) . (5.46)
5. Most importantly, the solutions differ in the values of the (unique) CP violating
imaginary part of an invariant quartet
JPMNS = Im (Ue1Uµ2U∗e2U∗µ1) , (5.47)
and of the phase δPMNS,
Case JPMNS δPMNS ∆χ2NO(δPMNS) ∆χ2IO(δPMNS)
Solution 1 −0.0316 1.629π (293○) 5 0
Solution 2 0.0282 0.679π (126○) 13 > 20
(5.48)
∆χ2NO(δPMNS) and ∆χ2IO(δPMNS) show the values that correspond to δPMNS
attending to the ∆χ2 profiles for δ` obtained for normal and inverted neutrino
mass orderings in [198].
We stress that using the information on CP violation in the quark sector,
we have been able to predict the phase in PMNS using the connection that
SCPV provides in this model; in particular, Solution 1 has δPMNS = 1.629π,
which is in good agreement with the most likely values in PMNS analyses.
6. With the values of e⇆ τ SFCNC in eq. (5.46), we have predictions such as








Using eq. (5.35), we have the sharp range
2.0 × 10−3 ≤ Br(h → eτ̄ + ēτ) Γ(h)Γ(hSM)
≤ 5.0 × 10−3, (5.50)
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which should be seen or disproved in the near future since the current bound
is3 Br(h → eτ̄ + ēτ)Exp ≤ 4.7 × 10−3 [206–208] (although there is some freedom
in Γ(h)/Γ(hSM), it does not modify substantially this conclusion).
3Recent work [205] might lower this bound closer to 2 × 10−3.
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–Potatoes. Boil em, mash em, stick em in a stew.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
6
Symmetries and Nf ∝Mf
Inspired by BGL and generalized BGL models where the coupling matrices Nd, Nu
(see Eqs. (2.67)–(4.31)–(4.32)) can be written in terms of the quark mass matrices
and projection operators, in the work [3] presented in this chapter we study in
a systematic way scenarios arising from different implementations of Abelian
symmetries in the context of 2HDM. This can lead to a natural reduction in
the number of parameters in these models. Regarding symmetries, Ferreira and
Silva [145] classified all possible implementations of Abelian symmetries in 2HDM
with fermions which lead to non-vanishing quark masses and a CKM matrix which
is not block diagonal (see also [146]).
In the search for the mentioned scenarios, we classify the different models
according to the structures of Nd, Nu. We identify the symmetry leading to each
of the models and the corresponding flavor textures of the Yukawa couplings.
These textures are stable under renormalization, since they result from symmetries
of the Lagrangian.
The organization of the chapter is the following. The notation is set up in
section 6.1. We then present our main results in sections 6.2 and 6.3, obeying
what we denote the Left and Right conditions introduced in eqs. (6.2) and (6.5),
respectively. We show that, besides BGL and gBGL there is a new type of model
obeying Left conditions and that there are six classes of models obeying Right
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conditions which are presented in full generality. For definiteness, we concentrate
on the quark sector. We defer some technical details to appendix D.1. In particular,
we present in appendix D.1.4 conditions for the identification of the various models
which are invariant under basis transformations in the spaces of left-handed doublets
and of up-type and down-type right-handed singlets.
6.1 Generalities and notation
While the quark masses Md and Mu in eq. (2.33) are characterised by 3 + 3 = 6
physical parameters, in a general 2HDM the complex matrices
U †dLN
0
d UdR = Nd, U †uLN
0
u UuR = Nu, (2.34)
are free. This introduces in principle 2 × 3 × 3 × 2 = 36 new real parameters1. This
large freedom is certainly a source of concern since, for example, SFCNC can put
significant constraints on Nd and Nu.
Invariance under some (symmetry) transformation is the best motivated require-
ment which can limit this inflation of parameters. Following [145], we consider
in particular Abelian symmetry transformations
Φ1 ↦ Φ1, Φ2 ↦ eiθΦ2, Q0Lj ↦ eiαjθQ0Lj, d0Rj ↦ eiβjθd0Rj, u0Rj ↦ eiγjθu0Rj , (6.1)
where αj, βj, γj, are the charges of the different fermion doublets and singlets
normalized to the charge of the second scalar doublet Φ2. As already mentioned,
all possible realistic implementations of eq. (6.1) were classified in [145]. In BGL
models and their generalization in [1], the symmetry properties had an interesting
translation into relations among the N0q and M0q matrices (very useful for example in
the study of the renormalization group evolution of the Yukawa matrices). Having
such a connection between a symmetry and matrix relations is not always possible.
Inspired by the existence of that property in those two interesting classes of models,
we focus on 2HDMs which obey an Abelian symmetry, eq. (6.1), and which fulfill
an additional requirement; either (a) or (b) below:
1Notice however that the bidiagonalization of the mass matrices still leaves the freedom to
rephase individual quark fields. Together with the CKM matrix, the Nd, Nu matrices should enter
physical observables in rephasing invariant combinations [111].
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(a) The Yukawa coupling matrices are required to obey Left conditions




1 P1 + `
[q]
2 P2 + `
[q]
3 P3 , (6.3)
where `[q]j are, a priori, arbitrary numbers. Here and henceforth we shall often
use the index q to refer to matrices in the up (q = u) or down (q = d) sectors.
We have used the projection operators Pi defined by [Pi]jk = δijδjk (no sum
































These projection operators satisfy PiPj = δijPi (no sum in i) and ∑i Pi = 1.
(b) The Yukawa coupling matrices are instead required to obey Right conditions




1 P1 + r
[q]
2 P2 + r
[q]
3 P3 , (6.6)
where r[q]j are, again a priori, arbitrary numbers and, as in eq. (6.3), Pi are
the projection operators in eqs. (6.4).
Upper (and lower) case L’s and R’s are used in correspondence with the matrices
(and parameters) acting on the left or the right of M0q in Eqs. (6.2) and (6.5).
Although it is not required a priori, the matrices L0q and R0q are non-singular.
All the resulting models, that is all 2HDMs obeying eq. (6.1) and either Left or
Right conditions are analyzed in section 6.2 and section 6.3, respectively.
We emphasize that our aim is to reduce the number of parameters. As shown in
ref. [145], imposing Abelian symmetries leaves only a reduced set of possible models,
each with a significantly reduced number of independent parameters. Here, we
consider only those Abelian models which can in some sense be seen as generalizations
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of the BGL models, by imposing, in addition, the Left conditions in eq. (6.2), or the
Right conditions in eq. (6.5). As anticipated, the number of independent parameters
of the models is significantly reduced with respect to the most general 2HDM. It
is to be noticed that, as shown in sections 6.2.2 and 6.3.2, `[q]j or r
[q]
j , which are a
priori arbitrary, turn out to be unavoidably fixed in terms of tβ. Quite significantly,
as analyzed in appendix D.1.1, Eqs. (6.2) and (6.5) have an elegant interpretation.
In the popular 2HDMs of types I, II, X and Y [79, 80, 82, 83], a Z2 symmetry is
incorporated and it eliminates the possibility of SFCNC. But, in those cases, the
Z2 assignment is universal for the different fermion families; all fermions of a given
charge couple to the same scalar doublet. Here, Eqs. (6.2) and (6.5) have a different
non-universal interpretation which leads to controlled SFCNC:
• in the models of section 6.2, obtained by imposing the Left conditions in
eq. (6.2), each left-handed doublet Q0Li couples exclusively, i.e. to one and
only one, of the scalar doublets Φk,
• in the models of section 6.3, obtained by imposing the Right conditions in
eq. (6.5), each right-handed singlet d0Ri, u0Rj, couples exclusively to one scalar
doublet Φk.
In particular, we stress that here, and in contrast to type I, II, X, and Y models,
fermions of a given electric charge but different families need not couple all to
the same scalar doublet. In this sense, conditions (6.2) and (6.5) - applied in the
context of models with Abelian symmetries - can also be seen as a generalization of
the Glashow, Weinberg conditions [112] for Natural Flavor Conservation. In the
present approach, having L0d and L0u proportional to the identity (or R0d and R0u
proportional to the identity) enforces the NFC type I and type II 2HDM.
6.2 Symmetry Controlled Models with “Left” Con-
ditions
We present in this section the different models arising from an Abelian symmetry
and for which there are matrices L0d and L0u such that eq. (6.2) is verified. We
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studied systematically all models satisfying the Abelian symmetries in eq. (6.1),
and which lead to non-vanishing quark masses and a CKM matrix which is not
block diagonal, thus verifying the results in ref. [145]. Those models were then
required to satisfy in addition eq. (6.2). Before addressing the models themselves,
it is convenient to make some observations on the effect of rotating into mass
bases of the up and down quarks.
6.2.1 Conditions in the mass basis
In the mass bases, given by the unitary transformations in eq. (2.33), eq. (6.2) reads
Nd = Ld Md , Nu = Lu Mu , (6.7)
with the transformed matrices
Ld = U †dL L
0
d UdL , Lu = U †uL L
0
u UuL . (6.8)











Pj UuL , (6.9)
one simply has































which is relevant for the parametrization of the SFCNC couplings in the dis-
cussion to follow.
6.2.2 How to determine `i
Here we show how one determines the coefficients `i (i = 1,2,3) just by examining
the form of the Yukawa matrices Yd,1 and Yd,2. For definiteness, we concentrate
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on the down sector. The reasoning for the up sector follows similar lines and
yields the same conclusions.
As a first step, we notice that, under the assumption of an Abelian symmetry
[145],
(Yd,1)ia ≠ 0 ⇒ (Yd,2)ia = 0, (6.12)
(and the converse 1 ↔ 2 also holds); notice that this implication involves the
same matrix element of Yd,1 and Yd,2.
As a second step, consider (Yd,1)ia ≠ 0. We already know that this implies











sβ (Yd,1)ia , (6.13)
and we obtain
(N0d)ia = −tβ (M
0
d)ia . (6.14)
Now we use the Left conditions in eqs. (6.2)-(6.4):
(N0d)ia = `
[d]
i (M0d)ia . (6.15)
Combining eqs. (6.14) and (6.15), we find that
(Yd,1)ia ≠ 0 ⇒ `
[d]
i = −tβ . (6.16)
As a third step, we consider the possibility that (Yd,2)ib ≠ 0. A similar
argument entails





Comparing eq. (6.16) and (6.17), we conclude that the combination of an Abelian
symmetry, c.f. eq. (6.1), with the Left conditions of eq. (6.2) implies that one
cannot have simultaneously (Yd,1)ia ≠ 0 and (Yd,2)ib ≠ 0, for any choices of a and b.
So, for the Left condition, Yd,1 and Yd,2 cannot both have nonzero matrix elements
in the same row. This has the physical consequence that each doublet Q0Li couples
to one and only one doublet Φk.
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Moreover, we find the rule book for the assignment of `[d]i in our models
with Left conditions:
if (Yd,1)ia exists, then `
[d]
i = −tβ ,





One can easily see that the up sector matrices Yu,1 and Yu,2, and the corresponding
`
[u]
i follow exactly the same rule.
6.2.3 Left Models
Omitting the trivial cases of type I or type II 2HDMs, for which the transformation
properties in eq. (6.1) have no flavor dependence (both Ld and Lu are in that
case proportional to the identity matrix 1), we now address the different possible
models which obey Left conditions.
BGL models
We recover the well known case of BGL models [133]. The symmetry transformation
is
Φ2 ↦ eiθΦ2, Q0L3 ↦ e−iθQ0L3, d0R3 ↦ e−i2θd0R3, θ ≠ 0, π. (6.19)












































where × denote arbitrary, independent, and (in general) non-vanishing matrix entries.
Following the rule book in eq. (6.18) for the Left conditions, we find immediately
N0d = (−tβP1 − tβP2 + t−1β P3)M0d , N0u = (−tβP1 − tβP2 + t−1β P3)M0u . (6.21)
Here, the right-handed singlet transforming non-trivially in eq. (6.19) is a down
quark leading to a down-type BGL model. In the particular implementation shown
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in eq. (6.19), it is the third generation down quark which is involved; this is known as
a “bottom-BGL model”. We could equally well have substituted the d0R3 ↦ e−i2θd0R3
transformation in eq. (6.19) by d0R1 ↦ e−i2θd0R1, or by d0R2 ↦ e−i2θd0R2 obtaining a
“down-BGL model” and “strange-BGL model”, respectively.
Parametrization
Following Eqs. (6.21) and (6.9), one can write
Nd = (−tβ1 + (tβ + t−1β )P
[dL]
3 )Md , Nu = (−tβ1 + (tβ + t−1β )P
[uL]
3 )Mu . (6.22)

















3 = V P
[dL]
3 V







and one obtains the final parametrization for the physical couplings
(Nd)ij = δij(−tβ +(tβ + t−1β )δj3)mdj , (Nu)ij = (−tβδij +(tβ + t−1β )VibV ∗jb)muj . (6.25)
Equation (6.25) involves quarks masses, CKM mixings and tβ, but no new parame-
ters.
The transformation properties in eq. (6.19) give a block diagonal form for the
down Yukawa coupling matrices: this corresponds to the fact that some matrix
conditions of the Right type are also fulfilled for BGL models (this is not the case
for the models in the next subsections).
Generalized BGL: gBGL
This second class of models is a generalization of BGL models, introduced in 4(see
also [1, 209]); the defining transformation properties are
Φ2 ↦ −Φ2, Q0L3 ↦ −Q0L3, (6.26)
6. Symmetries and Nf ∝Mf 115












































Following the rule book in eq. (6.18) for the Left conditions, we find immediately
N0d = (−tβP1 − tβP2 + t−1β P3)M0d , N0u = (−tβP1 − tβP2 + t−1β P3)M0u . (6.28)
Parametrization
While in the BGL model (of section 6.2.3) Yd,1 and Yd,2 are block-diagonal, this is
not the case here. However, eqs. (6.21) and (6.28) are identical2, giving again
Nd = (−tβ1 + (tβ + t−1β )P
[dL]
3 )Md , Nu = (−tβ1 + (tβ + t−1β )P
[uL]
3 )Mu . (6.29)
Recalling eq. (6.9), one can introduce complex unitary vectors n̂
[d] and n̂[u] by
n̂
[d]j ≡ (P3UdL)3j , n̂[u]j ≡ (P3UuL)3j , (6.30)












The Nd and Nu matrices are then given by
(Nd)ij = (−tβδij+(tβ+t−1β )n̂∗[d]in̂[d]j)mdj , (Nu)ij = (−tβδij+(tβ+t−1β )n̂∗[u]in̂[u]j)muj .
(6.32)
It is important to stress that n̂
[d] and n̂[u] are not independent. From eq. (6.11),
n̂
[u]iVij = n̂[d]j , (6.33)
and thus only four new independent parameters (besides quark masses, CKM mixings
and tβ) appear in eq. (6.32): two moduli, the third being fixed by normalization, and
two relative phases, since the products n̂∗
[q]in̂[q]j are insensitive to an overall phase.
2This is consistent with the fact that BGL can be recovered as a particular limit of generalized
BGL models.
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jBGL
The last case in this section is a new model presented here for the first time (see
also [210]). It is a sort of “Flipped” generalized BGL, which follows from
Φ2 ↦ eiθΦ2, Q0L3 ↦ e−iθQ0L3, d0Rj ↦ e−iθd0Rj, j = 1,2,3 . (6.34)












































The Left conditions read in this case
N0d = (t−1β P1 + t−1β P2 − tβP3)M0d , N0u = (−tβP1 − tβP2 + t−1β P3)M0u . (6.36)
Notice how, with respect to eq. (6.27), the structures of the down Yukawa matrices
Yd,1 and Yd,2 are interchanged (while the ∆ matrices remain the same).
Parametrization
Benefiting from the details given in the parametrization of the gBGL models of
section 6.2.3, it is now straightforward to obtain
(Nd)ij = (t−1β δij − (tβ + t−1β )n̂∗[d]in̂[d]j)mdj ,
(Nu)ij = (−tβδij + (tβ + t−1β )n̂∗[u]in̂[u]j)muj ,
(6.37)
where, again, n̂
[u]iVij = n̂[d]j. Notice the difference in the tβ dependence of Nd in
eq. (6.37), with respect to the gBGL case in eq. (6.32).
One can see that BGL is not a particular case of jBGL. Also, BGL is a particular
limit of gBGL, and jBGL is a sort of “Flipped” gBGL. One might wonder whether
there is some sort of “Flipped” BGL, obtainable from an Abelian symmetry, which
arises as a suitable limit of jBGL. It is possible to see by inspection of the symmetry
transformations in eq. (6.1) that such a case is not allowed.
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6.2.4 Summary of models with Left conditions
We summarize in Table 6.1 the main properties of the different models discussed
in the previous subsections, which obey Left conditions. For the BGL models
of subsection 6.2.3 we display separately up and down type models (uBGL and
dBGL respectively). Since we have started from all Abelian models consistent with
PPPPPPPPPModel
Properties Sym. Tree SFCNC Parameters
G-W Z2
(Nu)ij ∝ δijmuj tβ, mqk
(Nd)ij ∝ δijmdj
uBGL (t) Zn≥4
(Nu)ij = δij(−tβ + (tβ + t−1β )δj3)muj V , tβ, mqk
(Nd)ij = (−tβδij + (tβ + t−1β )V ∗tiVtj)mdj
dBGL (b) Zn≥4
(Nu)ij = (−tβδij + (tβ + t−1β )VibV ∗jb)muj V , tβ, mqk
(Nd)ij = δij(−tβ + (tβ + t−1β )δj3)mdj
gBGL Z2
(Nu)ij = (−tβδij + (tβ + t−1β )n̂∗[u]in̂[u]j)muj V , tβ, mqk
(Nd)ij = (−tβδij + (tβ + t−1β )n̂∗[d]in̂[d]j)mdj n̂[q](+4)
jBGL Zn≥2
(Nu)ij = (−tβδij + (tβ + t−1β )n̂∗[u]in̂[u]j)muj V , tβ, mqk
(Nd)ij = (t−1β δij − (tβ + t−1β )n̂∗[d]in̂[d]j)mdj n̂[q](+4)
Table 6.1: Models obeying the Left conditions of eq. (6.7). For the uBGL and dBGL
models we only show the SFCNC corresponding to one case, the top and bottom models,
respectively. The first row shows Glashow-Weinberg models without tree level SFCNC
for comparison.
non-zero masses and a CKM matrix not block diagonal [145], we are certain that
Table 6.1 contains all models satisfying the Left condition. We recovered the BGL
[133] and gBGL [1] models already present in the literature, and proved that there
exists only one such new class of models, which we dubbed “jBGL”.
6.3 Symmetry Controlled Models with Right Con-
ditions
In the previous section we have explored 2HDM whose symmetry under the Abelian
transformations in eq. (6.1) is supplemented by the requirement that the M0q and
118 6.3. Symmetry Controlled Models with Right Conditions
N0q obey the relations in eq. (6.2), where L0q in eq. (6.3) acts on the left. In this
section we analyze symmetry based models where we impose the conditions of
eq. (6.5), N0q = M0q R0q, where R0q in eq. (6.6) acts on the right, that is, models
which obey Right conditions.
6.3.1 Conditions in the mass basis
In the mass basis, eq. (6.5) reads
Nd =Md Rd , Nu =MuRu , (6.38)
with the transformed matrices
Rd = U †dR R
0
d UdR , Ru = U †uR R
0
u UuR , (6.39)
and







































j are related via U
†
uRUdR , but, contrary to section 6.2.1, this right-
handed analog of the CKM matrix is completely arbitrary. This straightforward
yet crucial difference among models with Left and Right conditions will ultimately
be responsible for the wider parametric freedom of the latter.
6.3.2 How to determine ri
Repeating the steps in section 6.2.2, one can easily establish here the following rule
book for the assignment of ri in our models with Right conditions:
if (Yd,1)ai exists, then r
[d]
i = −tβ ,





One can also see that the up sector matrices Yu,1 and Yu,2, and the corresponding
r
[u]
i follow exactly the same rule.
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6.3.3 Right Models
It is obvious that cases in which both Rd and Ru are proportional to the identity
matrix have been discarded automatically by the discussion of models with Left
conditions. But, for Right conditions it is still possible to have either Rd ∝ 1 or
Ru ∝ 1 (but not both). Among the six different types of models which obey Right
conditions, the first four have that property.
Type A
The first model follows from symmetry under
Φ2 ↦ eiθΦ2, u0R3 ↦ eiθu0R3 . (6.43)












































We should mention that, as explained in appendix D.1.3, it is immaterial whether
Yu,1 contains the first two columns and Yu,2 the third, or some other permuta-
tion is chosen.
Following the rule book in eq. (6.42) for the Right conditions, we find immediately
N0d = −tβM0d, N0u =M0u(−tβP1 − tβP2 + t−1β P3) . (6.45)
Parametrization
Since only Yd,1 is non-zero, the down sector is trivial: Nd = −tβMd. For the
up sector, however,
Nu =Mu(−tβ1 + (tβ + t−1β )P
[uR]
3 ) . (6.46)
Similarly to the models in section 6.2, one can introduce a complex unitary vector r̂
[u]
r̂
[u]j ≡ (P3 UuR)3j , (6.47)
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(Nd)ij = −mditβδij, (Nu)ij =mui(−tβδij + (tβ + t−1β )r̂∗[u]ir̂[u]j) . (6.49)
Therefore, besides quark masses and tβ, only four new independent parameters
appear in eq. (6.49).
Type B
The second model follows from the symmetry
Φ2 ↦ eiθΦ2, u0R1 ↦ eiθu0R1, u0R2 ↦ eiθu0R2. (6.50)












































Notice how, with respect to the previous model in eq. (6.44), the forms of Yu,1 and
Yu,2 are interchanged in eq. (6.51). Thus, our Type B model is a sort of Flipped
Type A model. The Right conditions become
N0d = −M0d tβ1, N0u =M0u(+t−1β P1 + t−1β P2 − tβP3) . (6.52)
Parametrization
Given the parametrization of the previous case, it follows immediately that in this
case:
(Nd)ij = −mditβδij, (Nu)ij =mui(+t−1β δij − (tβ + t−1β )r̂∗[u]ir̂[u]j) . (6.53)
Notice the different tβ dependence in eq. (6.53) with respect to eq. (6.49).
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Type C
The transformation properties for this model are
Φ2 ↦ eiθΦ2, d0R3 ↦ e−iθd0R3, (6.54)
and the Right conditions read
N0d =M0d(−tβP1 − tβP2 + t−1β P3), N0u = −tβM0u . (6.55)














































Nd =Md(−tβ1 + (tβ + t−1β )P
[dR]
3 ), Nu = −tβMu , (6.57)
defining
r̂









(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j), (Nu)ij = −tβmuiδij , (6.60)
implying that, besides quark masses and tβ, only four new independent parameters
appear in eq. (6.60). A particular case of these models appears in ref. [139], with
all coefficients taken as real in order to have an exclusive spontaneous origin for
CP violation (no CKM CP violation). As such, there are in ref. [139] only two
instead of four parameters arising from r̂
[d]j.
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Type D
The transformation properties for this model are
Φ2 ↦ eiθΦ2, d0R1 ↦ e−iθd0R1, d0R2 ↦ e−iθd0R2, (6.61)
and the Right conditions read
N0d =M0d(+t−1β P1 + t−1β P2 − tβP3), N0u = −tβM0u . (6.62)














































Nd =Md(t−1β 1 − (tβ + t−1β )P
[dR]
3 ), Nu = −tβMu , (6.64)
from which
(Nd)ij =mdi(t−1β δij − (tβ + t−1β )r̂∗[d]ir̂[d]j), (Nu)ij = −tβmuiδij . (6.65)
Therefore, besides quark masses and tβ, only four new independent parameters
appear in eq. (6.65).
Type E
The transformation properties for this model are
Φ2 ↦ eiθΦ2, d0R3 ↦ e−iθd0R3, u0R3 ↦ eiθu0R3, (6.66)
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leading to the Right conditions
N0d =M0d(−tβP1 − tβP2 + t−1β P3), N0u =M0u(−tβP1 − tβP2 + t−1β P3) . (6.68)
Parametrization
While in the previous models one quark sector had a trivial structure (since Γ2 = 0
in types A and B, while ∆2 = 0 in types C and D), that is not the case in eq. (6.67),
and one naturally expects an increase in the number of parameters. An appropriate
parametrization is obtained along the same lines as before. With
Nd =Md(−tβ1 + (tβ + t−1β )P
[dR]
3 ) , Nu =Mu(−tβ1 + (tβ + t−1β )P
[uR]
3 ) , (6.69)
but two complex unitary vectors are now necessary, r̂
[d] and r̂[u], defined by
r̂
[d]j ≡ (P3 UdR)3j , r̂[u]j ≡ (P3 UuR)3j , (6.70)












The parametrization of this model is then
(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j), (Nu)ij =mui(−tβδij + (tβ + t−1β )r̂∗[u]ir̂[u]j) .
(6.72)
It is important to notice that now, besides the quark masses and tβ, four new
independent real parameters enter eq. (6.72) via r̂
[d]j and another four via r̂[u]j.
Contrary to the situation in models with Left conditions in section 6.2, where
the CKM matrix ties n̂
[u] and n̂[d], and it is fixed or given by another sector of
the complete model (the couplings of quarks to the W gauge boson), in models
with Right conditions there is no analog of the CKM matrix to connect r̂
[u] and
r̂
[d] in a fixed manner3.
3Interpreting the situation the other way around, eq. (6.72) would provide a window of sensitivity
to the right-handed analog of CKM (for example, in extensions to models with a gauged SU(2)L⊗
SU(2)R symmetry).
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Type F
The transformation properties of this last model are
Φ2 ↦ eiθΦ2, d0R3 ↦ e−iθd0R3, u0R1 ↦ eiθu0R1, u0R2 ↦ eiθu0R2, (6.73)












































Notice how, with respect to the previous model in eq. (6.67), the forms of Yu,1 and
Yu,2 are interchanged in eq. (6.74). Thus, our Type F model is a sort of Flipped
Type E model. The Right conditions become
N0d =M0d(−tβP1 − tβP2 + t−1β P3), N0u =M0u(t−1β P1 + t−1β P2 − tβP3) . (6.75)
Parametrization
Parametrising this last model follows trivially from the previous one:
(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j), (Nu)ij =mui(t−1β δij − (tβ + t−1β )r̂∗[u]ir̂[u]j) .
(6.76)
The same comments made in Type E apply to the parameter count in Type F
models: besides the quark masses and tβ, as in eq. (6.72), four new independent
real parameters enter eq. (6.76) via r̂
[d]j and another four via r̂[u]j.
6.3.4 Summary of models with Right conditions
We summarize in Table 6.2 the main properties of the different models discussed
in the previous subsections, which obey Right conditions.
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PPPPPPPPPModel
Properties Sym. Tree SFCNC Parameters
G-W Z2
(Nu)ij ∝muiδij tβ, mqk
(Nd)ij ∝mdiδij
Type A Zn≥2
(Nu)ij =mui(−tβδij + (tβ + t−1β )r̂∗[u]ir̂[u]j) tβ, mqk
(Nd)ij = −mditβδij r̂[u](+4)
Type B Zn≥2
(Nu)ij =mui(t−1β δij − (tβ + t−1β )r̂∗[u]ir̂[u]j) tβ, mqk
(Nd)ij = −mditβδij r̂[u](+4)
Type C Zn≥2
(Nu)ij = −muitβδij tβ, mqk
(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j) r̂[d](+4)
Type D Zn≥2
(Nu)ij = −muitβδij tβ, mqk
(Nd)ij =mdi(t−1β δij − (tβ + t−1β )r̂∗[d]ir̂[d]j) r̂[d](+4)
Type E Zn≥2
(Nu)ij =mui(−tβδij + (tβ + t−1β )r̂∗[u]ir̂[u]j) tβ, mqk
(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j) r̂[u],r̂[d](+8)
Type F Zn≥2
(Nu)ij =mui(t−1β δij − (tβ + t−1β )r̂∗[u]ir̂[u]j) tβ, mqk
(Nd)ij =mdi(−tβδij + (tβ + t−1β )r̂∗[d]ir̂[d]j) r̂[u],r̂[d](+8)
Table 6.2: Models obeying Right conditions, eq. (6.38). As in Table 6.1, the first row






–Come, Mr. Frodo!– he cried– I can’t carry it for you,
but I can carry you.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
7
Constraints
In this section we discuss the different constraints that can play a relevant role in the
detailed analyses that are going to be presented in this part of the thesis. In order to
study the allowed parameters space for a given model one has to build a likelihood
or a χ2 function with the model’s theoretical predictions and the corresponding
experimental observations. In our case, each constraint is implemented as a χ2
function and then a global χ2 function, the sum of all separate contributions, is used
to drive the analyses and represent the relevant regions for different parameters
and observables. For an efficient exploration of parameter space we employ Markov
chain Monte Carlo techniques.







is adopted for the constraint corresponding
to an observable O, where the experimental input is a measurement OExp with
uncertainty σExp and the theoretical prediction is OTh (for correlated measurements
or asymmetric uncertainties, appropriate modifications are incorporated). Not
all constraints are implemented through the usual χ2 form: it is not adequate to
incorporate the bounds for perturbativity requirements of the Yukawa couplings
in subsection 7.2 and the bounds obtained in LHC searches in subsection 9.2.3.
In those cases, instead of sharp bounds or cuts, the bounds are implemented as
described in the respective subsections.
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7.1 Scalar sector
For the scalar sector, given the fact that in the two analyses presented in chapters 8
and 9 the CP-conserving limit is adopted, we use the set of independent parameters
{v,mh,mH,mA,mH± , tβ, α − β,µ212} (from which the quartic parameters λj are
obtained) with v = 246 GeV and mh = 125 GeV. We require the potential to
be bounded from below following the method in [211], we also require the quartic
parameters to respect perturbativity and perturbative unitarity in 2→ 2 scattering
[177, 178, 212, 213] (see also [179, 214, 215]).
Regarding perturbativity, we require the absolute value of quartic parameters
to be small enough to remain perturbative, in particular, we impose ∣λj ∣ < 4π.
For the perturbative unitarity one has to impose the eigenvalues of the 2 → 2
scattering matrices (see appendix A from Ref. [215]) to be smaller than one. In
the CP-conserving scalar potential we get:
∣λ3 + λ4∣ < 8π , ∣λ3 − λ4∣ < 8π ,
∣λ3 + 2λ4 − 3λ25∣ < 8π , ∣λ3 + 2λ4 + 3λ25∣ < 8π ,
∣λ1 + λ2 −
√
(λ1 − λ2)2 + 4λ25∣ < 16π , ∣λ1 + λ2 +
√
(λ1 − λ2)2 + 4λ25∣ < 16π ,
∣λ1 + λ2 −
√
(λ1 − λ2)2 + 4λ24∣ < 16π , ∣λ1 + λ2 +
√
(λ1 − λ2)2 + 4λ24∣ < 16π ,
∣3λ1 + 3λ2 −
√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2∣ < 16π ,
∣3λ1 + 3λ2 +
√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2∣ < 16π .
(7.1)
Finally the corrections to the oblique parameters in the CP-conserving limit read
∆T = 116πm2W s2W
{c2αβF (m
2
H± ,m2h) + s2αβF (m2H± ,m2H) +F (m2H± ,m2A)
− c2αβF (m2h,m2A) − s2αβF (m2A,m2H)
+ 3c2αβ [F (m2Z,m2H) −F (m2W,m2H)


















+ c2αβG (m2h,m2A) + s2αβG (m2H,m2A)













y if x ≠ y
0 if x = y ,


























Ĝ(x) =G(x,m2Z) + 12 G̃(x,m2Z) ,
(7.4)
with











where t ≡ x + y −m2Z and r ≡ m4Z − 2m2Z(x + y) + (x − y)2 and for compactness the












∣ , r > 0 ,






t , r < 0 .
(7.6)
The oblique parameters S and T only depend on the scalar masses and on the
scalar rotation matrix R ≡ R[3](α⃗) in eq. (2.14). In the CP-conserving limit the
only parameter besides the scalar masses is α − β. The oblique parameters have to
be in agreement with electroweak precision data [217], leading to the experimental
values ∆S = 0.05± 0.09 and ∆T = 0.09± 0.07 with a correlation facotr of ρS,T = 0.91.
7.2 Fermion sector
In the fermion sector, the new couplings n` arise from the dimensionless Yukawa
couplings yfjk = (Yf)jk in eq. (2.26). If one required that Yukawa couplings remain
perturbative, for example not exceeding O(1) values, this would translate into
yfjk’s smaller than v/
√
2 ≃ 174 GeV. We adopt a more conservative approach, and
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Figure 7.1: Higgs production mechanisms included in the signal strengths constraints.
















, for ∣yfjk∣ > y0.
(7.7)
We choose y0 = 95 GeV and σy0 = 1 GeV. One could have adopted a crude requirement
such as imposing for example ∣yfjk∣ ≤ 100 GeV with a sharp cut: eq. (7.7) is simply a
smooth version (more convenient for numerical purposes) of that kind of requirement.
7.3 Higgs signal strengths
Concerning the 125 GeV Higgs-like scalar, agreement with the observed signal
strengths, that is production cross section × decay branching ratio of the usual
channels should also be imposed. These observables impose constraints on nj 1 and
cαβ. The dominant Higgs production mechanisms, gluon-gluon Fusion (ggF), Vector
Boson Fusion (VBF), Z and W± bremsstrahlung (VH) and top-top Fusion (ttH) are
1In the case of I-g`FC and II-g`FC the parameter nj will be t−1β mj or tβmj depending on the
model and the sector.
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µ+µ− 0.5 ± 2.3 [222] 1.8 ± 1.0[222] VH+ttH 5.0 ± 3.5 [222]





ZZ 0.96 ± 0.11[225] 1.21+0.50−0.41[225] 1.44+1.17−0.92[225] 1.7+1.7−1.2[225]
Table 7.1: Higgs signal strengths for different production (
√
s = 13TeV) and decay
channels measured by ATLAS.
included (see figure 7.1). The signal strength of a given production channel (p =
ggF,V BF,V H, ttH) and a given decay mode (d = bb̄, γγ, τ+τ−, µ+µ−,WW,ZZ) is
defined as
µdp =
[σp ×Br (h → d)]Exp
[σp ×Br (h → d)]SM
. (7.8)
Here the cross section and the branching ratio can be factorized since the narrow
width approximation (NWA) is being used. The experimental information used
to constraint the parameter space is provided by ATLAS and CMS. The most
recent data from LHC can be found in tables 7.1 and 7.2. All the experimental
values are compatible with the SM (µdp = 1).
In connection to them, additional attention should be paid to the decays of h
into light fermions since enhanced decays into light fermions can increase the total
width and modify the precise SM pattern of branching ratios. For the different
couplings to fermions Lh = −mfv hf̄(ahf + ibhfγ5)f in eq. (2.49), we have a scalar term
ahf , straightforward to compare with the SM one,




and a pseudoscalar term bhf absent in the SM,




134 7.3. Higgs signal strengths























Table 7.2: Higgs signal strengths for different production (
√
s = 13TeV) and decay
channels measured by CMS.
However, the Yukawa couplings of the neutral light Higgs are not the only ones
which are affected with respect to the SM. For example, owing to the mixing in the
scalar sector, the couplings hV V (V =W,Z) are also modified. This term afects
both in the production, via VBF or VH (see section 7.3), and in decay trough the
ZZ and WW decay channels. In particular the SM and gFC couplings read
hV V, SM ∶ mV ↦ gFC-2HDM ∶ sαβ mV . (7.11)
Constraints on the total width Γh, arising from off-shell (ggF+VBF)→ h(∗) →
WW (∗) [231], are also included [232, 233], even if in the models considered in this
thesis their effect is negligible in the alignment limit. For additional details, see
[2, 143, 196]. In the following we review how the decay channels and productions
mechanisms are affected in the gFC with respect to the SM.
Decay channels
The light Higgs decay width into fermions has the general form


















with Nc = 3 for quarks and Nc = 1 for leptons; substituting the gFC couplings in
eqs. (7.9)–(7.10) and neglecting 4m2f/m2h ≪ 1,
Γ(h → f̄f)gFC = Γ(h → f̄f)SM ∣sαβ + cαβ nf ∣2 , (7.13)
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where the SM decay width reads






On the other hand, it is mandatory to study the decay h → γγ, which played a
central role in the discovery of the Higgs. It has an amplitude controlled in the SM
by two interfering contributions, the one loop triangle diagrams with virtual W ’s
and top quarks. The former is modified according to eq. (7.11). The later is the only
relevant one involving quarks in the SM because of the large ht̄t coupling: mt/v;
this amplitude is modified according to eq. (7.9). With a pseudoscalar coupling
now present, eq. (7.10), there is an additional contribution which, however, does
not interfere with the SM-like top(scalar coupling)+W . Furthermore, there are
other contributions that one may consider: one due to diagrams with virtual H±’s,
and the ones due to other fermions with enhanced couplings to h due to sizable
nj. For the charged scalar, they cannot be neglected if H± is relatively light, and
thus, barring that possibility, we do not consider them. For the remaining fermions,
the values of cαβ that h ⇆WW decay and production require are typically small
(∣cαβ ∣ ≤ 0.1), and thus the values of nj that one would need for their contributions to
be relevant would be at least nj ∼mt: they would produce huge contributions to the
width Γ(h) or to q̄q → h production cross sections, in addition to the perturbativity
and fine tuning concerns on the Yukawa couplings already mentioned: we thus
ignore them altogether, since they will be rendered negligible once other constraints
are considered. The width of h → γγ reads

































with xX = 4m2X/m2h. The sum over fermions f includes up and down type quarks,
with Qf = 2/3 and −1/3 respectively, and charged leptons with Qf = −1. The
contribution of the charged scalar H± can be safely neglected for mH± > v.
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The decay into gluons h → gg proceeds through similar diagrams, with the ones
mediated by leptons and by W and H± bosons absent:























The loop functions are [234]
AF (x) = −2x [1 + (1 − x)f(x)] , ÂF (x) = −2xf(x),

















, x < 1. (7.18)
Here we follow the definitions in where the AF and ÂF functions are defined including
the mass factor of the SM hf̄f vertex and which differ in a global sign from the
ones in, for example, [235]. The dominant contribution in h → γγ comes from
AV (xW ) = −8.339. Other representative values of the functions are shown in Table
7.3. It is important to stress that, while QCD corrections to eq. (7.15) are small, that
is not the case for eq. (7.16) (see for example [236]): we account for them by using
Γ(h → gg)gFC →
Γ(h → gg)gFC
Γ(h → gg)SM
× Γ(h → gg)SM ref., (7.19)
with Γ(h → gg)SM ref. = 0.351 MeV the SM reference value from Table 7.4, and
Γ(h → gg)gFC/Γ(h → gg)SM computed according to eq. (7.16) (for the SM denomina-
tor ahfv/mf = 1, bhf = 0). For completeness, reference values of the SM Higgs decays
[237–240] are reproduced in Table 7.4.
Production mechanisms
In addition to the decay widths, production mechanisms are also modified. Besides
VBF and VH, already commented (eq. (7.11)), the most relevant one is gluon-gluon
fusion gg → h [242]. The elementary process is the reverse of the decay h → gg, which
is then convoluted with the gluon distribution functions in the proton (in the narrow
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f t b τ
AF (xf) 1.3796 −(4.37 + 4.75i)10−2 −(2.30 + 2.09i)10−2
ÂF (xf) 2.1010 −(4.78 + 4.76i)10−2 −(2.46 + 2.09i)10−2
f c s µ
AF (xf) −(4.87 + 3.29i)10−3 −(8.99 + 3.89i)10−5 −(2.53 + 1.20i)10−4
ÂF (xf) −(5.07 + 3.29i)10−3 −(9.15 + 3.89i)10−5 −(2.59 + 1.20i)10−4
Table 7.3: Values of AF and ÂF for charged fermions of the 2nd and 3rd generations;
running masses at µ =mh [241] are used.
Channels f̄f b̄b τ̄ τ c̄c µ̄µ s̄s
BR 0.577 6.32 ⋅ 10−2 2.91 ⋅ 10−2 2.19 ⋅ 10−4 2.46 ⋅ 10−4
Channels V V gg WW (∗) ZZ(∗) γγ γZ
BR 8.57 ⋅ 10−2 0.215 2.64 ⋅ 10−2 2.28 ⋅ 10−3 1.54 ⋅ 10−3
Table 7.4: Reference SM Higgs decay branching ratios for mh = 125 GeV; the total width
is Γ(h) = 4.1 MeV.
width approximation production and decay are related straightforwardly). As in the
case of the decay, eq. (7.19), we incorporate QCD corrections by normalizing the SM
prediction to the reference value in Table 7.5, which shows reference cross sections











b γ5)b , (7.20)












∣AF (xt) +AF (xb)∣
2 ,
(7.21)
with xq ≡ 4(mq/mS)2, and AF (x) and ÂF (x) the loop functions defined in eq. (7.17)
corresponding to scalar or pseudoscalar couplings, respectively; σ[pp→ S]SM-like
[ggF] can
be found in [240, 243–245]. It is worth mentioning that the scalar and pseudoscalar
terms do not mix what produces the appearance of the function ÂF . This simple
recipe also gives sufficiently good agreement with results for a SM-Higgs-like neutral
pseudoscalar, which can be found in [245–248]. The couplings in eq. (7.20) for
S = H,A in each model can be read in Table 3.1.
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ggF VBF WH ZH ttH bbH
8 TeV 19.27 1.578 0.7046 0.4153 0.1293 0.2035
13 TeV 43.92 3.748 1.380 0.8696 0.5085 0.5116
14 TeV 49.47 4.233 1.522 0.9690 0.6113 0.5805
Table 7.5: Reference SM production cross sections for mh = 125 GeV (in pb).
7.4 H± mediated contributions
Flavor transitions mediated by W ± can receive new contributions where the charged
scalar, H±, plays the role of the W ± boson. For tree level processes involving leptons,
one refers to “Lepton Flavor Universality” constraints; we also consider constraints
at the loop level in the quark sector.
One may also worry about too large H±-mediated contributions to processes like
`j → `kγ: since in the models that are going to be studied (flavor conserving ones)
we are considering massless neutrinos, lepton family numbers are conserved – i.e.
there is a [U(1)]3 symmetry –, and such processes are absent.
Lepton Flavor Universality



















include contributions mediated by H± that modify the SM
leptonic decays as:















) × (1 +∆`j`kRC ), (7.23)
where f(x) and g(x) are the usual phase space integrals2 [249], xkj ≡ (m`k/m`j)2
and ∆`j`kRC correspond to QED radiative corrections.The notation g
S,RR
j→k reflects the
2f(x) = 1 − 8x + 8x3 − x4 − 12x2 ln x, and g(x) = 1 + 9x − 9x2 − x3 + 6x(1 + x) ln x.
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fact that in the present models the new contributions only affect, in an effective









give the following constraints [250]:
R[ τ→µ
τ→e
] = 1 + (3.8 ± 3.2) × 10−3 , R[ τ→e
µ→e
] = 1 + (2.4 ± 2.3) × 10−3 . (7.25)
In addition, measurements of decay spectra with polarized leptons [251] impose
∣gS,RRµ→e ∣ < 0.035 at 90% CL, ∣gS,RRτ→µ ∣ < 0.72 at 95% CL, ∣gS,RRτ→e ∣ < 0.7 at 95% CL.
(7.26)
Besides purely leptonic decays `j → `kν̄ν, semileptonic decay modes like K,π →
eν, µν and τ →Kν,πν, provide additional constraints on the different n` (together
with the tβ dependence of the quark couplings with H±). The relevant effective


































In particular, we consider ratios
RP`1`2 =
Γ(P + → `+1ν)
Γ(P + → `+1ν)SM
Γ(P + → `+2ν)SM















For ratios involving τ+ → P +ν decays, the expressions are unchanged. The actual
constraints [250, 252, 253] read
Rπµe = 1 + (4.1 ± 3.3) × 10−3, Rπτµ = 1 − (5.9 ± 5.9) × 10−3,
RKµe = 1 − (4.8 ± 4.7) × 10−3, RKτµ = 1 − (2.2 ± 1.4) × 10−2.
(7.30)
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All these LFU violating effects scale with 1/m2H± and therefore one expects that
the effects for large mH± are much more suppressed. This is quite clear in the
pure leptonic decays, where the most relevant constraints, eq. (7.25) and ∣gS,RRµ→e ∣ in
eq. (7.26), can be comfortably satisfied, giving a contribution to the corresponding
χ2 at a level similar to the SM.
b → sγ and B0q –B̄0q
As loop level transitions mediated by the charged scalar, we consider contributions
to the mixing in Bd and Bs meson systems (in particular to the dispersive part of
the mixing, which controls the mass differences) and contributions to the radiative
decay b → sγ. Contributions to the mentioned mass differences in Bd and Bs
are required to not exceed the 2-3% level (that is already below the current level
of theoretical uncertainty in the relevant matrix elements obtained from lattice
QCD computations). For b → sγ, we impose that the correction to the usual
Γ(B → Xsγ)Eγ>1.6GeV is below the experimental uncertainty. We refer to [90,
141, 254] for further details.
7.5 SFCNC
The Yukawa couplings of the neutral scalars S to fermions, following section 2.3, read













jk γ5)fk . (2.49)
Here we will put our attention in the flavor changing neutral decays. In the first
place, the SM like Higgs decay rate to a τ and a light lepton (e or µ) read










Similarly, for t → hq (q = u, c) decays, the branching ratio reads:
Br (t→ hqj) =
Γ(t→ hqj)







considering that the top quark width is dominated by t→Wb, i.e. Γ(t) = Γ(t→Wb)
with ∣Vtb ∣ ≃ 1; f(xh, xW ) collects the differences among both decays due to (i) scalar
h vs. vector W in the final state and (ii) hc vs. Wb phase space and reads
f(xh, xW ) =
(1 − xh)2






It’s like in the great stories Mr. Frodo. The ones
that really mattered. Full of darkness and danger
they were, and sometimes you didn’t want to know
the end. Because how could the end be happy? How
could the world go back to the way it was when so
much bad happened? But in the end, it’s only a
passing thing, this shadow. Even darkness must pass.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien
8
Phenomenology of the gFC
Chapter 3 describes a study of the stability under RGE of the condition that both
Yukawa matrices can be diagonalized at the same time. The resulting models
conserve flavor in tree level neutral transitions that, as has been mentioned before,
it is not a general feature of the 2HDM. The models, being more general than
the flavor alignment 2HDM, were denoted as gFC models. In this chapter we
discuss the most relevant experimental constraints on gFC arising from flavor
conserving Higgs-related observables.
The neutral yukawa interactions described by the Lagrangian in eq. (2.49),
together with the absence of tree level SFCNC, provoked by the diagonal interaction
matrices in eq. (2.15), have interesting phenomenological consequences in different
observables, since they may produce deviations from SM expectations. The only
new parameters with respect to the SM that control these observables are nj in
eq. (3.4), the values of the masses mH± , mH, mA, and the mixing angle in the scalar
sector α + β, since here we adopt the CP conserving limit (see eq. (2.15)). Our
interest is focused on the parameters nj in eq. (3.4).
This chapter has the following distribution: in the following section the con-
straints from chapter 7 that apply in this case are enumerated and, when needed,





In this analysis we have focused on the flavor conserving observables related
to h. Besides probing the gFC matrices in eq. (3.4), the bounds imposed by
these observables also apply to the same flavor conserving couplings of a general
2HDM. Among the observables of interest, those that (i) involve the lowest
number of new non-SM parameters and (ii) provide direct constraints from existing
measurements, are preferred.
In the following we enumerate the applied constraints from chapter 7 while
particularizing them to the gFC model. In section 8.1.1 we give a detailed
explanation of the gFC contribution to the electric dipole moments (EDMs) which
was not included in chapter 7 since this observable is only studied in this analysis.
• As usual we require that the Yukawa couplings remain perturbative, which in
the gFC scenario means
∣nj ∣
v
≤ O(1) . (8.1)
The precise value adopted in eq. (8.1), for example O(1) → 1 or
√
4π, is
not expected to be specially relevant: other phenomenological requirements
will be, typically, more restrictive. There is, however, an exception: the
“decoupling limit” [255] of the 2HDM, in which sαβ → 1 (cαβ → 0) removes the
non-SM effects from the h couplings (while mH± ≫ v suppresses H± mediated
non-SM effects), leaving the perturbativity requirement as the only effective
constraint. One may further argue that having either mj ≪ ∣nj ∣ or mj ≫ ∣nj ∣,
involves fine tuning between quantities of very different nature: both mj and
nj are linear combinations, controlled by β, of Yukawa couplings (times v),
but β originates in the scalar potential, meaning that very disparate values of
mj and nj involve significant cancellations in one or the other, unless β → 0
or β → π/2. For the sake of clarity, we will only consider eq. (8.1) and ignore
the previous concerns about eventual fine tuning.
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• We also included the signal strengths that were available when this analysis
was performed. Besided the usual production channels described in section 7.3
since here ∣nj ∣ could be much larger than mj we have to be careful with
the qq̄ → h cross section since it may become inappropriately large. For a
generic Yukawa interaction, the tree level cross section for direct production
pp(q̄q)→ h is, in the narrow width approximation,
























with E the center of mass proton energy, fpy the distribution function of parton
y in the proton, x0 = m
2
h






Figure 8.1: q̄q → h process.
In Table 8.1 we collect the values of σ[pp(q̄q)→ h] and Lq̄q computed [256]




= 1 in eq. (8.2): this value of the
couplings is obviously too large since it effectively corresponds, with respect
to the SM, to the change mj/v ↦ v/v, but it allows for easy use. Consider,
1Eq. (8.2) is obtained using the tree level partonic cross section; furthermore, the results in
table 8.1 are obtained multiplying these simple predictions by a common O(1) factor (one for each
LHC energy case), chosen such that σ[pp(b̄b)→ h] in eq. (8.2) reproduces the improved reference
values in [237–240]. We also take Q = E/2.
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d̄d ūu s̄s c̄c
Ld̄d σ Lūu σ Ls̄s σ Lc̄c σ
8 TeV 14.56 16.60 21.53 24.53 4.41 5.02 2.65 3.01
13 TeV 74.57 29.17 105.28 41.18 27.70 10.84 17.92 7.01
14 TeV 95.49 31.53 133.90 44.21 36.46 12.04 23.83 7.87
Table 8.1: σ[pp(q̄q)→ h] (×103) in pb and Lq̄q(E2) (×103) for different q̄q.
for illustration, that for the LHC at 8 TeV σ[pp(ūu) → h] ∼ 10 pb: one can
readily obtain




∼ 7.3 × 10−5 . (8.4)
Although considering σ[pp(ūu) → h] ∼ 10 pb may be unrealistic (the total
production cross section in Table 7.5 for 8 TeV is ∼ 22 pb), from eq. (8.4),
Γ(h → uū) ∼ 1 MeV: even if it is a significant contribution to the width
Γ(h), it might still be compatible with the overall pattern of Higgs signal
strengths. To our knowledge, there are no dedicated analyses of q̄q → h (q ≠ b, t)
from which experimental input can be used in this manner. However, it is
reasonable to expect that this kind of production potentially “contaminates”
the analyses of gluon-gluon fusion: in that case, one should add all σ[pp(q̄q)→
h] contributions for light q to the gluon-gluon fusion cross section when
analysing Higgs signal strengths. It is then clear that bounds more stringent
than eq. (8.4) would follow for the sum over all the different channels involved.
The simple connection among the decays h → q̄q and the q̄q → h production
mechanism – in the narrow width approximation – that follows from eqs. (7.13)
and (8.2), is
σ[pp(q̄q)→ h] /1pb







103 ) , (8.5)
which allows for easy comparison of the relative strengths of the constraints
imposed by q̄q → h production and h → q̄q decay for light quarks q.
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8.1.1 Electric dipole moments
Non-real Nf matrices are a source of CP violation in scalar-fermion interactions,
which can induce electric dipole moments. This constraint was not discussed in
chapter 7 since it only applies to the analysis presented in this chapter but not
the one from chapter 9. Let us consider for example an electron-Higgs coupling
Lhee = −h ē(ahe + ibheγ5)e; the one loop diagram in Figure 8.2 gives a contribution









It is to be noticed that, for ahe ∼ bhe ∼me/v, eq. (8.6) gives de ∼ 10−34e⋅cm. When ∣ahe ∣,
∣bhe ∣≫me/v are a priori allowed, up to the effect of other constraints, a significant
enhancement in de can be expected. For an experimental bounds ∣de∣ < 10−27e
⋅cm, considering only this contribution gives
aheb
h
e < 8 × 10−5, (8.7)
or, with eqs. (7.9)–(7.10) and neglecting me with respect to cαβne,
c2αβRe (ne) Im (ne) < 5 GeV2. (8.8)
Anticipating results from section 8.2, in particular Figure 8.4g, it is clear that the
bounds imposed by the LHC results are more stringent than eq. (8.8). It should also
be noticed that including contributions analog to Figure 8.2 with h → H,A, gives






) < 5 GeV2, (8.9)
and does not change this conclusion. Furthermore, one loop contributions with
virtual H± and neutrinos are suppressed.
It is well known that two loop “Barr-Zee” [203, 257–261] contributions can be
significant: studies such as [262, 263] address such constraints on CP violating
Higgs-fermion couplings. However, those contributions involve different nf couplings












Figure 8.2: h mediated contribution to de at one loop.
simple translation into bounds on a single parameter. It is to be noticed too that
cancellations among different diagrams in that class may occur [143, 264]. Including
such kind of analysis was beyond the scope of the work presented here; in any case
one should keep in mind that the analysis of EDMs may have some impact on the
results of section 8.2. The previous discussion also applies to the EDMs of the
u and d quarks and the experimental constraints that the neutron EDM bounds
impose, including, in addition, the impact of QCD effects [265].
8.2 Results
With the deviations with respect to the SM of the couplings of h and their
implications for decays and production mechanisms, one can impose the experimental
constraints of section 8.1 and explore the allowed values of cαβ and the gFC param-
eters nf in eq. (3.4). For the results presented in the following we consider the most
conservative situation, i.e. all parameters are free to vary simultaneously. Compared
to restricted situations where not all parameters are considered simultaneously, this
offers a safer interpretation of excluded regions (they are excluded whatever the
values of the parameters not displayed) at the price, of course, of larger allowed
regions.
Figure 8.3 shows nf vs. cαβ for all quarks and leptons. Some comments are in order.
• As expected, for cαβ → 0, the constraints on nf disappear.
• For u, c, d and s quarks, the allowed regions are almost identical, as one
could anticipate from their irrelevant role, within the SM, in the available







































































































































Figure 8.3: ∣nf ∣ vs. cαβ for the different fermions f ; darker to lighter regions correspond
to 68, 95 and 99% CL.
production × decay Higgs signal strengths. The corresponding nf ’s appear to
be effectively limited by the contributions to the Higgs width.
• Surprisingly, the allowed size of ∣nt∣ appears to be independent of cαβ: this
will be discussed in connection with figure 8.4c below.
• The nb and nτ cases are also similar, with allowed regions differing from the
u, c, d, s cases for ∣nq ∣’s below 10-15 GeV and not small cαβ.
150 8.2. Results
• For ne and nµ, the allowed regions are much more constrained owing to the
bounds set by dedicated pp→ h → e+e−, µ+µ− analyses such as [266, 267].
Although figure 8.3 shows absolute bounds on ∣nf ∣’s, it does not give information
on arg(nf)’s and cannot be directly read in terms of the scalar and pseudoscalar
couplings of h in eqs. (7.9)–(7.10). Considering that, Figure 8.4 shows b̄f vs āf with
āf ≡ sαβmf + cαβRe (nf) , b̄f = cαβIm (nf) . (8.10)
Furthermore, to maintain some information on cαβ, allowed regions corresponding to
∣cαβ ∣ < 0.01, to 0.01 < ∣cαβ ∣ < 0.1 and to 0.1 < ∣cαβ ∣ are displayed. One can notice that
• for the first and second fermion generations, there is no dependence on arg(nf),
since only decays, with rates proportional to ∣āf ∣2 + ∣̄bf ∣
2, are relevant. For
quarks, the allowed region for ∣cαβ ∣ < 0.01 is smaller: this is simply due to the
perturbativity requirement in eq. (8.1).
• For the top quark, two separate regions are allowed: this is also expected
since independent sign changes in both āt and b̄t (together with sign changes
in cαβ, sαβ) do not alter the predictions. For ∣cαβ ∣ < 0.01 the allowed regions
are quite reduced and placed around (āt, b̄t) = (±mt, 0); with 0.01 < ∣cαβ ∣ < 0.1
their size increases and only for ∣cαβ ∣ > 0.1 the interplay of (i) pseudoscalar
contributions to gg → h and h → γγ, and (ii) W -top(scalar) interference in
h → γγ gives rise to larger regions.
• For b and τ , the regions for not too small mixing, ∣cαβ ∣ > 0.01, are ring-shaped;
mb and mτ set the radii of such regions, as could be expected from the
agreement of h → bb̄ and h → τ τ̄ signal strengths with SM expectations. For
small mixing, ∣cαβ ∣ < 0.01, the perturbativity requirement on ∣nb∣, ∣nτ ∣ limits
the allowed departure from (āf , b̄f) = (±mf ,0), giving in fact, for the b case,
two disjoint patches.












































































































Figure 8.4: Allowed regions at 99% CL for pseudoscalar vs. scalar couplings for the
different fermions f with Lhf̄f = −hv f̄(āf + ib̄f γ5)f .
To close this section we recall the discussion on q̄q → h production in section
7.3: as commented there, values of nf in agreement with the SM-like Higgs signal
strengths could potentially give production cross sections not far from the dominating












vs. the total Higgs width and vs. the gluon-gluon fusion production cross section
152 8.2. Results
in two different analyses: in Figures 8.5a and 8.5b, σ[qq̄h] is added to the ggF
production cross section, while in Figures 8.5c and 8.5d it is not (and therefore,
in the analysis, it does not affect directly observables constrained by experiment).
Comparing 8.5a-8.5b with 8.5c-8.5d, one can notice that the constraints from Higgs
signal strengths are able to bound the size of σ[qq̄h], even if there is room for an
overall qq̄ → h cross section which is quite sizable, not far from the complete SM
Higgs production cross section. Furthermore, when σ[qq̄h] is added to the ggF
production cross section, the agreement with the observed Higgs signal strengths
allows for a smaller amount of qq̄ → h, and, for sizable qq̄ → h, it is achieved at the
cost of (i) reducing the ggF production cross section and (ii) increasing the total
width Γ(h), as the shape of the allowed regions in Figures 8.5a and 8.5b shows. For
the results in Figures 8.3 and 8.4, the bounds on the different āf , b̄f do not differ in
both analyses. It should be finally mentioned that, in connection with the previous
comments and the size of σ[pp(qq̄)→ h], it might be interesting to analyze, for the
remaining neutral scalars H and A, the cross sections for pp(qq̄)→ H,A at the LHC.























































































(d) σ[qq̄h] vs. σ[pp(gg)→ h],
σ[qq̄h] /⊂ ggF
Figure 8.5: Effect of including qq̄ → h production in ggF in analyses of Higgs signal
strengths; darker to lighter regions correspond to 68, 95 and 99% CL.
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A new day will come. And when the sun shines it
will shine out the clearer. Those were the stories that
stayed with you. That meant something. Even if you
were too small to understand why. But I think, Mr.
Frodo, I do understand. I know now. Folk in those
stories had lots of chances of turning back only they
didn’t. They kept going. Because they were holding
on to something.
— SAMwise Gamgee, The Lord of the Rings,
J. R. R. Tolkien 9
Electron and Muon (g − 2)
As it was seen in the SM chapter (section 1.2), the recent improved determination
of the fine structure constant [45], has caused the appearance of a new anomaly
[46] concerning the anomalous magnetic moment of the electron ae = (ge − 2)/2.






e = −(8.7 ± 3.6) × 10−13 . (1.74)
In the anomalous magnetic moment of the muon [53–59] there is also another well





µ = (2.7 ± 0.9) × 10−9 . (1.76)
It is to be noticed that the anomalies in eqs. (1.74) and (1.76) have opposite sign.
Because of this difference of sign, several New Physics solutions addressing eq. (1.76)
tend to be eliminated as solutions to both eqs. (1.76) and (1.74). In particular, many
popular models in which the anomaly scales with the square of the lepton mass [268]
tend to generate too large δae with the wrong sign. Some authors [269] argue that
if the origin of both anomalies is beyond the SM, the corresponding model must
1After the work [4] that is presented in this chapter was published, the g-2 measurements for
the electron [60] and for the muon [61] were updated (see section 1.2).
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incorporate some sort of effective decoupling between µ and e. Recent beyond-SM
explanations of both anomalies can be found in [122, 270–285]. Regarding the new
measurement in eq. (1.77), of the muon (g-2) by the Muon g-2 collaboration at
Fermilab [61] several explanations with extra Higgs doublets have already been
proposed [286–291].
The two Higgs doublets model which introduces, in general, a new set of flavor
structures in the Yukawa sector could implement the decoupling between µ and e
required to explain δaµ and δae. Of course, the most popular 2HDMs shaped by
symmetries [76, 77], the so-called 2HDMs of types I, II, Lepton-Specific and Flipped
[79, 83, 112], do not implement in a straightforward way this decoupling between µ
and e, since the new Yukawa couplings in the lepton sector are proportional to the
charged lepton mass matrix.
Going one step further in generality, the A2HDM [125] gives up stability of the
model under the renormalization group evolution (RGE) [126] (the model is not
shaped by a symmetry). The A2HDM cannot, however, incorporate some effective
decoupling between µ and e since the new Yukawa structures are still proportional
to the fermion mass matrices. It is nevertheless interesting to note that, as was
mentioned in section 3.2.4, the lepton sector of the A2HDM is stable under one
loop RGE2 [127, 128, 130]: scalar flavor changing neutral couplings, absent at tree
level, do not appear at one loop.
In the gFC-2HDM, at tree level, all Yukawa couplings are diagonal in the fermion
mass basis [2, 129, 292]. It has been shown that the charged lepton sector of the
gFC-2HDM is one loop stable under RGE, in the sense that SFCNC, absent at
tree level, are not generated at one loop [2]. This implies that a well behaved
and minimal 2HDM that can implement the effective decoupling among µ and
e is a gFC-2HDM in the leptonic sector. Since this is all what is required to
address the two anomalies in eqs. (1.74)–(1.76), we consider two minimal models
in which the quark sector is a 2HDM of either type I or type II, while the lepton
2As in the SM, one is assuming massless neutrinos.
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sector corresponds to a gFC-2HDM. We refer to them as models I-g`FC and II-
g`FC respectively (see section 3.2.4). Note that these models do not have SFCNC
at tree level neither in the quark nor in the lepton sectors. Additionally, the
new Yukawa couplings in the lepton sector are independent of the charged lepton
mass matrix. In the appropriate limits, model I-g`FC can reproduce 2HDMs of
types I and X while, similarly, model II-g`FC can reproduce 2HDMs of types II
and Y. In this sense model I-g`FC is a generalization of 2HDMs of types I and
X, while model II-g`FC is instead a generalization of 2HDMs of types II and Y.
The convenience of adopting this kind of generalized flavor conserving 2HDMs for
phenomenological analyses was advocated in [2].
This chapter is organised as follows. In section 9.1, the one and two loop
contributions to a` are revisited. In a simplified analysis it is shown that, with







with ne, nµ, the new Yukawa couplings of the charged leptons, in the lepton mass
basis. In order to solve the discrepancies in eqs. (1.74)–(1.76) through the two loop
contributions, the scaling in eq. (9.1) requires
Re (nµ) = − (15.11+15.11−7.56 )Re (ne) , (9.2)
in the framework of models I-g`FC and II-g`FC. Besides solutions with dominating
two loop contributions, an additional possibility with relevant one loop contributions
is also analysed (similarly to [46]). In section 9.2, a number of constraints, relevant
for a full analysis, is addressed. In section 9.3, the main results of such a full
analysis are presented and discussed.
9.1 The new contributions to δa`
The full prediction aTh` of the anomalous magnetic moments of ` = e, µ has the form
aTh` = a
SM
` + δa` , (9.3)
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with aSM` the SM contribution and δa` the corrections due to the model. To solve the
discrepancies in eqs. (1.74)–(1.76), the aim is to obtain δae ≃ δaExpe and δaµ ≃ δaExpµ
within models I-g`FC and II-g`FC. It is convenient to introduce ∆` following















The quantities K` collect the typical factors arising in one loop contributions;
since Ke ≃ 5.5 × 10−14 and Kµ ≃ 2.3 × 10−9, in order to reproduce the anomalies
we roughly need
∆e ≃ −16 , ∆µ ≃ 1 . (9.5)
It is well known that in the type of models considered here, both one loop [293]
or two loop Barr-Zee contributions [203, 259, 261, 294–296] can be dominant.
Complete expressions used in the full analyses of section 9.3, can be found in
appendix E. For the moment, we consider in this section two approximations:
we only keep leading terms in a (m`/mS)2 expansion (for the different scalars
S = h,H,A), and the alignment limit sαβ → 1. With these approximations, the
one loop contribution to ∆` in eq. (9.4) is

















Equation (9.6) applies to both model I-g`FC and II-g`FC. We do not consider
light scalars or pseudoscalars (see reference [280]): in the different analyses it
is assumed that h is the lightest scalar, i.e. mh < mH,mA. For a typical range
mS ∈ [0.2; 2.0] TeV, the loop functions I`S obey
IeS ∈ [24.6; 29.2] , IµS ∈ [13.9; 18.5] , (9.8)
and thus the dominant contributions to ∆(1)` in eq. (9.6) are the logarithmically
enhanced contributions from H and A. Then, ∆e ≃ −16 can only arise from the
negative sign of the A pseudoscalar contribution: ∆e ≃ −[Re (ne)]2IeA/m2A. Taking
9. Electron and Muon (g − 2) 159
into account the IeA value in eq. (9.8), it would require [Re (ne)]2 ∼m2A, which can
easily violate perturbativity requirements in the Yukawa sector or constraints from
resonant dilepton searches. Consequently, we do not expect an explanation of δae
in terms of one loop contributions. For δaµ, any relevant one loop contribution in
eq. (9.6) should arise from the H contribution attending, again, to the required sign
and the logarithmically enhanced value of IµH in eq. (9.8): ∆µ ≃ [Re (nµ)]2IµH/m2H.
For IµH ≃ 16 such a contribution needs [Re (nµ)]2 ∼ [mH/4]2, that is a not too
heavy H (in order to have reasonably perturbative nµ) and mA > mH in order to
avoid cancellations with wrong sign contributions. In the same approximation
(leading m`/mS terms and sαβ → 1), the two loop contributions are dominated by
Barr-Zee diagrams in which the internal fermion loop is connected with the external
lepton via one virtual photon and one virtual neutral scalar H or A. The leading








The factor F depends on the masses of the fermions in the closed loop, on the
couplings of those fermions to H and A, and, of course, on mH and mA; it is
consequently different in models I-g`FC and II-g`FC:
FI =
cotβ
3 [4(ftH + gtA) + (fbH − gbA)] +
Re (nτ)
mτ




[4(ftH + gtA) − tan2 β(fbH − gbA)] +
Re (nτ)
mτ
(fτH − gτA) ,
(9.10)
where
ffS ≡ f (
m2f
m2S




The functions f(z) and g(z) are defined in appendix E; they are represented in
Figure 9.1. Their main features are: (i) f(z) ≃ g(z) in the whole range of interest,
(ii) the largest values correspond to the heavier fermion (the top quark), (iii) the
values of f and g for the top quark contributions vary between 0.1 and 1 in the
relevant range of scalar masses. Considering the dominant top quark terms, for
tβ ≃ 1 and mH ≃ mA, it is easy to realize that for mH ∼ 1 − 2 TeV, δae can be
explained with Yukawa couplings Re (ne) ∼ 3 − 7 GeV (Re (ne) > 0 gives the right
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Figure 9.1: Loop functions.
sign of δae). If we assume that δaµ must also be explained by the same kind of
dominant Barr-Zee two loop contributions, which are independent of the specific





With this relation, the origin of the different signs of δae and δaµ relies on the
freedom to have Re (ne) and Re (nµ) with opposite signs, Re (nµ) ≃ −15Re (ne), as
anticipated in eq. (9.1). In terms of Re (nµ), with the same assumptions (tβ ∼ 1,
mA ∼mH ∼ 1 − 2 TeV), Re (nµ) ∈ −[45; 105] GeV. The previous arguments apply to
both models, I-g`FC and II-g`FC, since 4(ftH + gtA) is the dominant term in both
FI and FII.
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Attending to the flavor constraints discussed in section 9.2 (Bd and Bs meson
mixings, b→ sγ radiative decays), tβ ≪ 1 are excluded in 2HDMs of types I and II,
and thus also in I-g`FC and II-g`FC models, there is no need to discuss the tβ ≪ 1
regime.
Let us now analyse the two loop Barr-Zee contributions in eq. (9.10) for large values
of tβ. As a reference, consider the analysis above with tβ ∼ 1 and mA ∼mH ∼ 1 − 2
TeV; for definiteness we now take tβ = 50. For large tβ, it is clear that these
contributions in models I-g`FC and II-g`FC are quite different. Starting with
model I-g`FC, in order to maintain the right value of δae, the tβ suppression in
Re (ne) t−1β (ftH + gtA) can be compensated with smaller mH, mA, and larger Re (ne).
For example, mA ∼ mH ∼ 200 GeV gives an increase of the loop functions by a
factor of 10 with respect to mA ∼ mH ∼ 1 − 2 TeV; increasing then Re (ne) by a
factor of 5, the suppression t−1β = 1/50 is compensated. Therefore, the discrepancy
in δae can be explained in the I-g`FC model through two loop contributions, for
large values of tβ and Re (ne) ∼ 15 − 35 GeV. The question now is if one can
explain, with the two loop contributions, the muon anomaly δaµ. Attending to
eq. (9.12), one would need Re (nµ) ∈ −[225; 505] GeV, which would be in conflict
with perturbativity requirements in the Yukawa sector. However, as the discussion
on one loop contributions after eq. (9.6) shows, for light mH, e.g. mH ∈ [200; 400]
GeV, δaµ can be obtained with H-mediated one loop contributions, and mA >mH to
avoid cancellations. One needs ∣Re (nµ)∣ ∼mH/4, in which case ∣Re (nµ)∣ ∈ [50; 100]
GeV is acceptable from the perturbativity point of view.
Summarizing the previous discussion, we envisage, at least, two kinds of solutions:
• The first is realized with scalars having masses in the 1–2 TeV range, tβ ∼ 1,
and both anomalies produced by two loop Barr-Zee contributions. The
coupling of electrons to the new scalar and pseudoscalar, Re (ne), should be
in the few GeV range. Following eq. (9.12), the corresponding muon coupling
is larger. This first solution can appear, a priori, in both I-g`FC and II-g`FC
models. In section 9.3 we refer to this first type of solution as “solution [A]”.
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• The second solution corresponds to a lighter H, mH ∈ [200; 400] GeV and a
heavier A; the required values of tβ are larger, tβ ≫ 1. In this second solution,
the electron anomaly is obtained with two loop contributions while the muon
anomaly is one loop controlled; contrary to the first solution, there is no
linear relation among Re (nµ) and Re (ne). This second kind of solution can
clearly appear in the I-g`FC model, but in this simplified analysis it cannot be
elucidated if this possibility is also open in the II-g`FC model. Anticipating
the results of the complete numerical analyses of section 9.3, this will not
be the case: within the II-g`FC model there is no solution with large tβ and
relatively light H. In section 9.3 we refer to this second type of solution as
“solution [B]”. Notice also that, a priori, this second kind of solution might be
obtained with both signs of Re (nµ).
9.2 Constraints
In this section we enumerate the different constraints from chapter 7 that are
applied in analyses of section 9.3. Furthermore, since our purpose here is to explain
simultaneously the anomalies present on the electron and muon g − 2, we review
in detail these constraints. Since δae and δaµ have a role much more important
than the rest of constraints, they are also incorporated in a different manner (as
described in detail below) to ensure that the analysis focuses on the ability of the
model to reproduce values which are clearly non-SM.
9.2.1 General constraints for the numerical analysis
In the analysis performed in section 9.3 the following constraints from chapter 7 are
applied:
• The potential is required to be bounded from below as well as the quartic
parameter to respect perturbativity and unitarity in 2 → 2 scattering. The
oblique parameters S and T have to be in agreement with electroweak precision
data.
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• In the models studied there, the new couplings n` are dimensionless free
parameters, so in principle they could be arbitrarily large. As in the previous
chapters we require them to remain perturbative, in particular we apply
∣n`∣ ≤ 95 GeV.
• Concerning the 125 GeV Higgs-like scalar, agreement with the signal strengths
is also imposed [297–300]. The measured signal strengths, with uncertainties
reaching the 10% level, tend to favour the alignment limit in the scalar
sector; it is to be noticed that since the models require ∣Re (ne)∣ ≫ me and
∣Re (nµ)∣ ≫ mµ, the Higgs measurements in the µ+µ− channel such as [266]
and [267] are even more effective in forcing that alignment limit. Constraints
on the total width Γh, arising from off-shell (ggF+VBF)→ h(∗) → WW (∗)
[231], are also included.
• We also impose lepton flavor universality contrains. In particular pure
leptonic decays and leptonic decays modes like K,π → eν, µν and τ →Kν,πν,
which provide additional constraints on the different n` (together with the tβ
dependence of the quark couplings with H±). In the gFC case, eq. (7.29) reads










with ku = kd = t−1β in model I-g`FC and ku = −k−1d = t−1β in model II-g`FC. Notice
the enhanced sensitivity of these observables due to the n`am`a factor: unlike
the SM amplitude, the new H±-mediated amplitude is not helicity suppressed.
For ratios involving τ+ → P +ν decays, the expressions are unchanged. All
these LFU violating effects scale with 1/m2H± and therefore one expects that
in both models, I-g`FC and II-g`FC, the effects for large mH± are much
more suppressed, including in particular the solution [A] region introduced in
section 9.1. This is quite clear in the pure leptonic decays, where the most
relevant constraints, eq. (7.25) and ∣gS,RRµ→e ∣ in eq. (7.26), can be comfortably
satisfied, giving a contribution to the corresponding χ2 at a level similar to
the SM. Since solution [A] corresponds to tβ ∼ 1, the effects in semileptonic
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processes are similar in both models, with the effects in kaons larger by a
factor of 10 than the effects in pions. The leading contribution to RKµe − 1 is
of the order of the uncertainty: since in that channel there is essentially a
change of sign between the contributions in models I-g`FC and II-g`FC, it
turns out that in the II-g`FC case the corresponding χ2 value can improve
over the SM one, while in the I-g`FC case it is the other way around. In
any case, for solution [A], these differences are small. For solution [B], the
situation is different since we have:












considering that it requires tβ ≫ 1 and smaller mH± . Clearly, lower values
of mH± can be compensated by large values of tβ in model I-g`FC , and
solution [B] is similar to [A] concerning this constraint. On the contrary, in
model II-g`FC, lower values of mH± and larger values of tβ enhance the new
contributions: this observable is highly relevant to eliminate solution [B] in
model II-g`FC.
The new scalars can also give one loop corrections to Z → `+`− decays. In the
parameter space region corresponding to solution [A], one can easily check
that these new contributions are at least a factor of 30 smaller than the
experimental uncertainties (in the limit mA =mH =mH± ≫MZ they decouple,
see [301]); in the parameter space of solution [B], the new contributions are
larger, but still below uncertainties.
• Contributions to the mixing in Bd and Bs meson systems as well as to the
radiative decay b → sγ are also included. Both observables are insensitive
to scalar-lepton couplings, they can only constrain mH± and tβ. For mH±
the effect is straightforward: for large values of mH± , the new contributions
are suppressed. Concerning tβ, dominant new contributions with virtual top
quarks are further enhanced or suppressed by the t−1β dependence in Table
3.1.
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In the following some constraints that where not included in chapter 7 since they
are only applied to the analysis in this chapter are reviewed.
9.2.2 e+e− → µ+µ−, τ+τ− at LEP
LEP measured e+e− → µ+µ−, τ+τ− with center-of-mass energies up to
√
s = 208
GeV: although s-channel contributions with virtual H and A do not interfere with
SM γ and Z mediated contributions, for light H, A, the resonant enhancement
together with the large couplings to leptons might give predictions in conflict with
data (e.g. [302]). The effect of these LEP constraints is, essentially, to forbid
values of mH, mA below 210 − 215 GeV.
9.2.3 LHC searches
We consider constraints from LHC searches of scalars, in particular
• searches of dilepton resonances [303–308] which give constraints on σ(pp→
S)[ggF] × Br (S → `+`−), S = H,A and ` = µ, τ , where the production cross
section σ(pp→ S)[ggF] corresponds to gluon-gluon fusion,
• and searches of charged scalars [309–313] which give constraints on σ(pp→
H±tb) ×Br (H± → f), f = τν, tb.
For production, the narrow width approximation is considered; the widths of H, A
and H± can reach ∼ 10% of their respective masses: if one incorporates finite width
effects through the convolution of the cross section computed in the NWA with a
(relativistic) Breit-Wigner distribution for the scalars, the computed signal would be
partially “diluted”. In this sense, using the NWA is conservative since it gives stronger
pointwise bounds. The constraints are incorporated as contributions of the following
form in the global χ2: for each “production × decay” channel with experimental





0, if [σ ×Br]Th ≤ 0.9 × [σ ×Br]Exp,
103 × ( [σ×Br]Th
[σ×Br]Exp − 0.9) , if [σ ×Br]Th > 0.9 × [σ ×Br]Exp.
(9.16)
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Equation (9.16) is a convenient smooth approximation of a “sharp” bound/cut.
Production cross sections incorporate corrections associated to the modified fermion-
scalar vertices as shown in eq. (7.21).
Moreover, for the production cross sections pp → H±tb (i.e. H± in association
with tb), we refer to [314, 315], which provide results, labeled here σ[Ref], for a type
II 2HDM with tβ = 1. For arbitrary values of tβ, we use





















As an additional check, (i) the previous cross sections and (ii) the computations
of the decay branching ratios of the scalars, have been compared with the results
of MadGraph5_aMC@NLO[316] at leading order. With FeynRules [317] and
NLOCT [318, 319], the needed universal Feynrules Output at NLO of the I-g`FC
and II-g`FC models is produced. A good agreement in the gluon-gluon fusion
production cross section is found, given the fact that the MadGraph5_aMC@NLO
calculation is at leading order (one loop in this case). For the branching ratios,
there is complete agreement.
9.2.4 δa` constraints for the numerical analyses
The main motivation of this work [4] was to accommodate the departures from SM
expectations in the anomalous magnetic moments of both electron and muon.
We now discuss how these departures are implemented as constraints in the






δaExpe = −(8.7 ± 3.6) × 10−13 , δaExpµ = (2.7 ± 0.9) × 10−9 . (9.18)
The theoretical prediction in the present models is aTh` = δa` + aSM` and thus a
simple and natural measure of their ability to accommodate the experimental
9. Electron and Muon (g − 2) 167
results is a χ2 function











where δaExp` = c` ± σ` in eq. (9.18).
The interest in explanations of the experimental results in terms of non-SM contri-
butions is due to the 3 − 4σ deviation χ20(0,0) ≃ 15. For the numerical exploration
of the regions in parameter space which could provide such an explanation, rather
than including a contribution χ20(δae, δaµ) in the global χ2, we impose a stronger
requirement: instead of χ20(δae, δaµ) we include
χ2(δae, δaµ) = {
0, if χ20(δae, δaµ) ≤ 14 ,




in order to guarantee that the models reproduce both anomalies simultaneously
within less than 12σ` of the central values (in the regions of interest, eq. (9.20)
approximates a “sharp” box function). This approach is adopted in order to ensure
that, when representing allowed regions at a given confidence level in the next
section, they do not include regions where one or both anomalies are only partially
reproduced. For illustration, Figure 9.2 shows the allowed region obtained in the
complete numerical analyses (which is identical in both models); that is, in the
results of section 9.3, within all the represented allowed regions, the values of δae


















Figure 9.2: Allowed δaµ vs. δae region.
prediction aSM` includes Higgs-mediated contributions: since these are just the h
mediated contributions for exact alignment sαβ = 1, they have to be subtracted
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from the New Physics contributions to δa` mediated by h (quantitatively, however,
this subtlety is rather irrelevant).
9.3 Results
As discussed in section 9.1, we expect, at least, two different types of solution to
the δa` anomalies. In the following we refer to them, as anticipated, as solutions
[A] and [B]. Solution [A] corresponds to tβ ∼ 1, heavy neutral new scalars (with
masses in the 1–2 TeV range), and both anomalies explained by two loop Barr-Zee
contributions. Solution [B] corresponds instead to large tβ, lighter new scalars,
with δae obtained through two loop Barr-Zee contributions while in δaµ the most
important contributions are one loop and H-mediated. Note that in general one
would expect a set of intermediate solutions between [A] and [B], at least in model
I-g`FC, where we have a priori identified the presence of both solutions. For model
II-g`FC we can only anticipate with some certainty the presence of solution [A].
It is therefore very important to find out which constraints, if any, can distinguish
among both types of solutions. One should also remember that quite large couplings
of the new scalars to leptons are required to explain the anomalies. This fact
confers a special role to dilepton resonance and charged scalar searches at the
LHC. Consequently the analyses are separated in two stages: (i) one, labelled “No
LHC”, which includes all constraints discussed in section 9.2 except for the LHC
searches which are not imposed as constraints, and (ii) the complete analysis with
all constraints, including these LHC searches.
One should also remark, before presenting results, that solutions [A] and [B] as
discussed above, cannot be realized when the scalar potential in eq. (3.43) is exactly
Z2 symmetric, i.e. when µ212 = 0. This was to be expected. The reason to have
difficulties obtaining solution [A] with the exactly Z2 symmetric potential is simple:
it does not allow a “decoupling regime” [215, 255, 320], i.e. in that case one
cannot have scalars heavier than ∼ 1 TeV (without violating requirements such as
perturbativity). On the other hand, concerning solution [B], the exact Z2 symmetry
does not allow large tβ. Introducing µ212 ≠ 0 removes both obstacles.
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In the plots to follow, the results from the “No LHC” analysis correspond to lighter
red regions while the results from the full analysis correspond to darker blue regions.
The regions represented are allowed at 2σ (for a 2D − χ2 distribution); the χ2 or
likelihood function used in the numerical analysis implements the constraints of
section 9.2.
In Figure 9.3 we have Re (nµ) versus Re (ne); the full analysis shows, clearly, three
disjoint regions. As indicated in the figure, the bottom left small region corresponds
to solution [A], and reproduces the linear relation of eq. (9.12), arising from the
explanation of both anomalies through two loop Barr-Zee contributions. The largest
blue region to the bottom right corresponds to solution [B] with Re (nµ) < 0, where
δae is two loop dominated while δaµ also receives significant one loop contributions.
In this region there is no linear relation among Re (ne) and Re (nµ). For Re (nµ) > 0,
solution [B] corresponds to the top blue region (the subindex ± in [B±] refers to
the sign of Re (nµ)). It is clear, from the underlying red region, that excluding
LHC searches, there is a smooth transition between solutions [A] and [B−] where all
kinds of contributions must be considered: we recall that the numerical analyses
incorporate the complete expressions of appendix E, which consider one and two
loop contributions with all possible fermions in the fermion loop of Barr-Zee terms.
It is important to stress that, since the lepton couplings to H and A can be quite
large, it is mandatory to include all leptons in the computation of Barr-Zee terms.


























Figure 9.3: Re (nµ) vs. Re (ne).
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the regions corresponding to solutions [A] and [B] can be easily identified. For
example, in Figure 9.4a, the blue region reaching larger values of Re (ne), with
tβ ≥ 13 and 200 GeV ≤mH ≤ 370 GeV is clearly associated to solution [B]. Figures
9.4b and 9.4e illustrate the same aspects regarding now Re (nµ). For Re (nτ) it also
follows from Figures 9.4c and 9.4f that Re (nτ) > 0 is required in solution [B] (one
can indeed check that it gives a subdominant but necessary two loop contribution
to obtain the appropriate value of δaµ).











































































































































Figure 9.4: n` couplings versus tβ, mH.
among scalar masses and with tβ. In particular, it is clear that in solution [A] all
new scalars are heavy, with masses in the 1.2 – 2.3 TeV range, and mass differences
not exceeding ±200 GeV. For solution [B], some important results can be observed:
(i) in addition to the existence of separate regions [B+] and [B−] for both signs of
Re (nµ), there are two separate manners in which solution [B] can arise, one region
where mH± ∈ [0.4; 0.9] TeV and mA =mH± to a high degree of accuracy and another
smaller region where mH± ∈ [0.25; 0.35] TeV and mH = mH± to a high degree of
accuracy; (ii) in all cases, mH <mA. This last inequality, as analysed later, must
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allow the decay A→ HZ (additionally, either H± → HW ± or A→ H±W ∓ would also
be allowed); together with the electroweak precision constraints (in particular the
oblique parameter T ), this forces either mA =mH± or mH =mH± . These two results
match nicely with the need for H to be as light as possible (LEP constraints will
force in any case mH ≥ 210 GeV) in order to produce the main contribution (at one
loop) to δaµ.




























































































Figure 9.5: Scalar sector.
to mS for S = H,A. The black line shows the LHC bounds included in the full
analysis. In gluon-gluon fusion production, for the same scalar mass, the gluon-gluon-
pseudoscalar amplitude is 2–6 times larger than the corresponding gluon-gluon-scalar
amplitude (that is 22 − 62 larger pseudoscalar vs. scalar production cross sections).
One could have expected, attending to this fact, that the constraints from LHC
searches on σ(pp→ A)ggF ×Br (A→ µ+µ−) versus mA would be responsible for the
separation among solutions [A] and [B]. Figure 9.6a disproves this naive expectation;
as Figure 9.6b shows it is rather σ(pp→ H)ggF×Br (H→ µ+µ−) which shows how the
bounds from LHC searches separate the solutions by excluding mH ∈ [380; 1200] GeV
(i.e. eliminating the red region “bridge” connecting the blue regions). Comparing
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the shape of the allowed regions in Figures 9.6a and 9.6b it is also clear that, besides
the production cross section, the branching ratios Br (H,A→ µ+µ−) may play an
important role.









































































Figure 9.6: [pp]ggF → S→ µ+µ− versus mS .
than some minimal ∣Re (nµ)∣Min are required to explain δaµ, both Br (H→ µ+µ−)
and Br (A→ µ+µ−) are bounded from below. The dominant decay channels of the
new scalars are shown in Figure 9.8; Figures 9.8b and 9.8f show that Br (H→ µ+µ−)
and Br (A→ µ+µ−) are indeed bounded from below, but in the case of H → µ+µ−
the lower bound is larger than that of A → µ+µ− (it can even saturate the decay
width of H). This explains the narrowness of the red and blue regions in Figure
9.6b for mH > 400 GeV. One should keep in mind that solutions [A] and [B] also
differ quite substantially in the values of tβ: in Figure 9.5e it is clear that large
mH > 1 TeV requires tβ ∼ 1, while mH < 500 GeV is compatible with a broad range
tβ ∈ [1; 102]. This is the last ingredient necessary to interpret the shape of Figure
9.6b. For mH < 500 GeV, without constraints from LHC searches, the broad range
of tβ values gives a broad range for σ(pp → H)ggF: since the gluon-gluon fusion
production cross section is proportional to t−2β , and thus for solution [B] there is a
substantial suppression of σ(pp→ H)ggF due to tβ ≫ 1. Due to the larger production
cross section of a pseudoscalar, despite the t−2β suppression, LHC searches might rule
out pp → A → µ+µ− predictions for solution [B]: as Figure 9.6a shows, that is not
the case. This is clearly achieved through a reduction of Br (A→ µ+µ−); Figures
9.8f and 9.8e show that A → HZ contributes decisively to reduce Br (A→ µ+µ−),
9. Electron and Muon (g − 2) 173
evade LHC bounds and obtain a viable solution [B]. For this reason, as anticipated,
mA >mH+MZ . For the charged scalar H±, the behaviour of the most relevant decay
channels H+ → µ+ν, τ+ν, tb̄, HW ± mirrors the corresponding A → µ+µ−, τ+τ−, tt̄,
HZ, as Figures 9.8j–9.8i show. The only minor difference arises for solution [B]
in the small region where mH± ≃ mH: in that region, (i) H± → HW ± is forbidden
and (ii) in addition to A→ HZ, also A→ H±W ∓ (not shown) has a large branching
ratio.
Figure 9.7 shows that resonant τ+τ− searches are less constraining than the









































































Figure 9.7: [pp]ggF → S→ τ+τ− versus mS .
9.9 shows that current results from searches at the LHC are much less constraining
than the results from resonant dilepton searches in Figures 9.7 and 9.6. Results
in the previous figures concern model I-g`FC, where, in addition to solution [A] in
which both δae and δaµ arise from 2 loop contributions, a second set of solutions [B]
exists in which 1 loop contributions are dominant in δaµ. For model II-g`FC this
second possibility is not available, and only solution [A] is obtained. Furthermore,
since tβ ∼ 1 in solution [A], the corresponding allowed regions do not differ much in
both models I-g`FC and II-g`FC. We do not show figures corresponding to model
II-g`FC since the allowed regions in that case very approximately coincide with
“Sol. [A]” regions in model I-g`FC plots.
Finally, Figure 9.10 illustrates with some examples the kind of clear signal that
solution [B] in model I-g`FC gives in e+e− → µ+µ− scattering at energies beyond


























































































































































































































































































































































Figure 9.9: pp→ H±(tb)→ `ν, tb versus mH± .


































Ex. mH mA Re (ne) Re (nµ)
255 790 9.8 −55.0
276 764 11.2 −70.0
323 759 14.9 −85.0
350 751 17.9 −95.0
350 858 23.8 −95.0
Figure 9.10: e+e− → µ+µ− for
√




Along the present thesis different aspects of the Two Higgs Doublet Models have
been studied, both from the theoretical and phenomenological points of view. The
Flavor Changing Neutral Couplings have been a recurring theme since it is one
of the most constrained features that are introduced when the Standard Model is
enlarged with extra scalars. The question of general Flavor Conserving 2HDM and
the effect of one loop Renormalization Group Evolution of the Yukawa matrices
on these scenarios is addressed. Regarding the quarks some well known models
as the Type I and II has been discussed as well as the case of a model with a
Cabibbo-like quark mixing matrix. It is worth stressing that in the absence of
right-handed neutrinos, gFC in the lepton sector is stable.
At a phenomenological level we have studied the parameter space through a
numerical analysis for the different fermion sectors. We have put our attention
in the flavor conserving processes related to the Higgs and we have imposed the
constraints provided by the current experimental data. Processes as the direct
qq̄ → h production which are negligible in the SM but may receive a big contribution
from the new scalar particles are also considered.
The fact that the gFC models in the leptonic sector allow a decoupling of the
electron, muon and tau Yukawa interactions opens the possibility of a simultaneous
explanation for the electron and muon (g-2) anomalies. This is possible since lepton
flavor universality is broken beyond the mass proportionality. We have considered
two of these general flavor conserving models in the leptonic sector, I-g`FC and
II-g`FC, that differ in the quark Yukawa couplings, which coincide, respectively,
with the ones in type I and in type II 2HDMs. We have found two sets of solutions
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that are able to reproduce both anomalies together with constraints coming from
LEP and LHC, including LFU observables, flavor and electroweak measurements
and the usual theoretical requirements in the scalar sector. In the first solution new
the scalar particles live in the mass range 1–2.5 TeV, tβ is close to one and both
anomalies are dominated by two loop Barr-Zee contributions. This solution arises
in both models, I-g`FC and II-g`FC. Howeever, in the second solution, the one loop
diagram is the dominant one in the muon anomaly. In this case, the scalar particles
masses are below the 1 TeV and the VEVs differ substantially from each other (tβ
in the 10–100 range). The pseudoscalar neutral Higgs A is heavier (400–900 GeV)
than the heavy scalar H (210–390 GeV). Due to the EW constraints, the charged
Higgs H± is almost degenerate in mass with one of the neutral ones. This second
solution is only available in the I-g`FC models. In both solutions, soft breaking of
the Z2 symmetry of the Higgs potential is required, together with lepton Yukawa
couplings with values from 1 to 100 GeV. These results imply for LHC searches, in
the light scalar solution, that it should be easier to find both charged and neutral
Higgses in the muonic channel. The heavy channels, like the top quark channels,
are more suited to searches addressing the heavy scalars solution.
With a different approach, we have worked in a set of models where the Flavor
Changing Neutral Couplings are controlled instead of being canceled as in the
general Flavor Conserving case. We have shown that the well-known BGL models
can be generalized into what we have named as gBGL. These new models are
generated by a new Z2 symmetry so they keep the feature of being renomalizable.
This symmetry is the same as the one proposed by Glashow and Weinberg in NFC
models but differs in the way the quark fields transform under it. We have seen as
well that BGL models are contained as special cases in the gBGL. In such scenarios,
the Lagrangian acquire a larger symmetry, in particular a U(1) or a Z4 symmetry
(this depends on the neutrino being Dirac or Majorana). However, gBGL models
do not math the MFV conditions as the BGLs do. The gBGL models introduce 4
new parameters with respect to the BGL models which is still a great reduction
compared with the general 2HDM. The models also introduced SCFNC at tree level
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in both the down and the up sectors but in a controlled way. We have shown that
gBGL model can safely overcome the present experimental constraints on SFCNC.
Finally we have shown as well that gBGL models can introduce enough CP violation
to explain the BAU observations. This happens since the WB invariant controlling
the CP violation appear at much lower order of mass than in the SM.
We have also discussed the possibility of relating the CKM and PMNS complex
phases in the gBGL framework. In general there is no relation since the Yukawa
sector for the quarks and leptons are independent. We have investigated the
possibility of generating this connection via the complex vacuum phase while the
Yukawa couplings remain real. That is, in this framework, CP is spontaneously
broken. In order to generate realistic mixing matrices, it is mandatory to have
SFCNC in all the fermion sectors. The gBGL models are a great candidate since
they produce the desired SFCNC while keeping them controlled. We have proved
that in some special cases it is possible to relate δCKM and δPMNS. The interplay
among CPV and the existence of SFCNC makes that these relations are quite
involved implying connections or predictions for processes mediated by SFCNC in
all the sectors: up, down quarks and charged leptons 3. Because of this we have
studied a subclass of the general model following two hints:
• an experimental fact: the absence of any convincing evidence of the presence
of SFCNC at the actual level of precision
• a theoretical discovery: the necessity of having at least one type of SFCNC in
each sector: quarks up and down, charged leptons and even in the neutrino
sector.
We have studied models with the minimal amount of SFCNC needed to keep SCPV.
Because of this, these models verify the MFV conditions. This election is reflected
on the unit vectors r̂
[u], r̂[d], r̂[ν], r̂[`], by canceling one of their three entries. Among
the 34 = 81 possible models of this type only one is capable of generation both the
3SFCNC involving neutrinos, being proportional to the neutrino masses are not experimentally
accessible.
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desired connection between phases and realistic (in agreement with experiment)
mixing matrices, as discussed in section 5.5.
Finally we have performed a scan over the different 2HDM obtained by Abelian
symmetries, consistent with non-zero quarks masses and non-diagonal CKM [145],
supplemented by the right or left conditions at eq. (6.2) and eq. (6.5) respectively.
With the left conditions we have recovered the well-known G-W and BGL models
as well as the gBGL and we have found a new model that we have named jBGL.
Concerning the right conditions, six models in addition to the G-W model meet them.
All these models have been parametrized in terms of fermion masses, tanβ, elements
of the CKM matrix and unit vectors containing the rest of the parametric freedom.
Resum de la Tesi
El 12 de juny del 2012 ATLAS i CMS confirmaven el descobriment del bosó de
Higgs completant l’última peça que mancava en el Model Estàndard (SM per les
seues sigles en anglés 4). Actualment, el SM de la física de partícules és la teoria més
simple que pot descriure amb gran èxit els components fonamentals de la matèria
i les seues interaccions Malgrat això, el SM no pot ser la teoria definitiva ja que
hi ha certs aspectes teòrics i evidències experimentals que no és capaç d’explicar.
Aquest fet és el que motiva la present tesi en la qual s’han explorat models de Nova
Física (NP) que són capaços de donar explicació a alguns dels problemes del SM.
La tesi, redactada en anglés excepte aquest resum, està organitzada de la següent
forma. A la Part I s’introdueixen les bases teòriques que sustenten la tesi. En
el capítol 1 es descriu amb cert nivell de detall el SM, és a dir, es presenten les
partícules elementals i les seues interaccions que venen descrites pel Lagrangià es
mostra. A més, es fa una revisió dels problemes teòrics i les evidències experimentals
que donen peu a l’estudi de física més enllà del SM. Al segon capítol es presenta
una extensió mínima del SM, coneguda com model de dos doblets de Higgs (2HDM)
en la qual s’estén el sector escalar amb un segon doblet de Higgs. En aquest capítol
es revisen les diferents formes de restringir els corrents neutres amb canvi de sabor,
una de les restriccions experimentals més fortes d’aquest tipus de models.
En la Part II es concentren els aspectes teòrics dels treballs d’investigació duts
a terme durant el període doctoral. En particular ens centrem en estudiar les
extensions del sector escalars del SM que no generen contribucions importants als
processos que contenen corrents neutres amb canvi de sabor. Aquests processos
4D’ara en avant es suposa que totes les sigles es deriven dels termes en anglés.
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estan molt suprimits tant al SM com experimentalment i qualsevol extensió del
SM ha de suprimir-los per a ser compatible amb les observacions. La condició
perquè no hi haja corrents neutres amb canvi de sabor a nivell arbre (primer
ordre de teoria de pertorbacions) implica que les matrius de Yukawa es puguen
diagonalitzar simultàniament. Els models que compleixen això han sigut àmpliament
estudiats a la literatura i són coneguts com a models amb conservació de sabor
natural (NFC). Per exemple, al model 2HDM alineat s’imposa que les matrius de
Yukawa siguen proporcionals entre elles a una determinada escala d’energia però,
en general, aquesta condició no es satisfà a altres escales degut a les correccions
quàntiques, com s’estudia en el capítol 3.
En el capítol 4 es desenvolupa una generalització dels models coneguts com a
BGL. Mentre que els models BGL compleixen les condicions de violació mínima
de sabor (MFV), els gBGL no ho fan, però contenen corrents neutres amb canvi
de sabor en els dos sectors de quarks dalt i baix però controlades per elements
de la matriu de barreja dels quarks (anomenada matriu CKM). Generat per la
mateixa simetria que dona lloc als models BGL generalitzats del capítol anterior,
en el capítol 5 es presenta un model que ofereix una connexió entre les fases de
les matrius de barreja de quarks i leptons. A partir de la parametrització de les
matrius de Yukawa dels models anomenats gBGL, en el capítol 6 es fa un estudi
sistemàtic dels diferents models generats a partir de simetries abelianes i que poden
ser parametritzats de manera anàloga als models BGL i gBGL.
En la Part III es concentren els aspectes fenomenològics abordats en aquesta tesi.
En el capítol 7 és possible trobar tots els resultats experimentals que s’utilitzen en
els següents capítols a l’hora d’ajustar l’espai de paràmetres dels models presentats
en la Part II. En el capítol 8 es recull una anàlisis general de l’espai de paràmetres
dels models gFC. Finalment, en el capítol 9 s’estudien dos casos particulars del
model conegut com gFC, on les anomalies del moment magnètic de l’electró i
el muó s’expliquen simultàniament.
A continuació es recullen els objectius, metodologia, resultats i conclusions de la
tesi.
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Motivació i Objectius
El SM és una teoria gauge basada en el grup de simetria SU(3)c × SU(2)L × U(1)Y .
Les partícules elementals poden ser classificades en fermions, on trobem els quarks
i els leptons, amb espí 1/2 i bosons, on trobem els bosons gauge i el bosó de Higgs,
amb espí 1 i 0, respectivament. Aquests estats fonamentals són representacions
de la simetria Lorentz. Els fermions es divideixen en dos grups segons la seua
càrrega sota la simetria SU(3)c : els quarks són triplets sota SU(3)C amb càrrega
1 i els leptons sense càrrega sota aquesta simetria són singlets sota aquest mateix
grup. Pel que fa a la càrrega elèctrica, els quarks poden tindre càrrega elèctrica
2/3 o −1/3 mentre que els leptons tenen càrrega −1 o 0. Els leptons de càrrega
nulůla són coneguts com a neutrins. A més, els fermions tenen quiralitat definida
i apareixen en diferents representacions de SU(2)L. Els de quiralitat levogira són
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De cada un dels fermions hi ha tres còpies, conegudes com famílies. Els fermions
interaccionen entre ells mitjançant intercanvi de bosons, que són els portadors de
les interaccions. El SM descriu tres de les quatre forces fonamentals, en particular,
la força forta, la feble i l’electromagnetisme, quedant fora la gravetat. Els boson
de gauge d’aquestes forces són els gluons, associats a la simetria SU(3)c , que són
els mediadors de la interacció forta, i els bosons febles, W ± i Z, i el fotó, associats
a la simetria SU(2)L × U(1)Y , que són els mediadors de la interacció feble i
l’electromagnetisme, respectivament. La descripció d’aquestes últimes interaccions
s’unifica en la teoria electrofeble. Totes aquestes partícules elementals i les seues
principals característiques es recullen en la taula R.1.
En la teoria electrofeble els bosons de gauge són, per construcció, partícules
sense massa. Experimentalment es conegut que en el cas dels bososns febles, W ±
i Z això no és cert. De la mateixa manera, un terme de massa per als fermions
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Table R.1: Partícules elementals del Model Estàndard. S’ha traduït la gràfica de [14]
trencaria la invariància gauge del Lagrangià. Aquests dos problemes se solucionen
simultàniament amb el conegut com a mecanisme de Higgs. Aquest mecanisme
es basa en el fet que l’estat fonamental o buit del potencial escalar no és simètric
sota la simetria gauge. Aquest fet condueix a l’aparició d’un nou camp escalar,
el bosó de Higgs. L’estat fonamental d’aquest camp té un valor no nul, la qual
cosa indueix una ruptura espontània de la simetria electrofeble. La ruptura dels
generadors de la simetria atorga massa als bosons febles i gràcies al camp de Higgs
permet escriure termes de massa per als fermions. A més, s’introdueixen barreges
entre les diferents famílies de quarks, parametritzades per la matriu CKM.
El SM ha aconseguit reproduir la gran majoria de resultats experimentals
obtinguts fins al moment. Malgrat això, hi ha diversos elements teòrics que no és
capaç d’explicar, així com algunes mesures experiementals que podrien apuntar
cap a la necessitat de cercar un model de física més enllà del SM. Entre les
qüestions experimentals trobem:
• Masses dels neutrins
En el SM els neutrins són partícules sense massa, però des de fa temps sabem
experimentalment que això no pot ser cert. Els neutrins oscilůlen entre un
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sabor i un altre i aquest efecte és proporcional al quadrat de la diferència de
les masses, la qual cosa implica que almenys dos dels sabors han de tindre
una massa no nulůla. El SM es pot estendre per donar massa als neutrins,
però encara no s’ha descobert experimentalment quin és el mecanisme escollit
per la natura que ho faria possible.
• Anomalies en mesons B
Alguns experiments de sabor com el LHCb, Babar i Belle han trobat desvia-
cions del SM en les desintegracions de mesons B. Aquestes desviacions no
són encara estadísticament significatives com per afirmar categòricament el
descobriment de nova física, però sembla haver-hi un patró en diversos canals
de desintegració que podrien apuntar en la direcció de violació d’universalitat
en acoblaments leptònics.
• g-2 de l’electró i el muó
Recentment s’ha tornat a mesurar la constant d’estructura fina, relacionada
amb el moment anòmal de l’electró, i ha generat una nova discrepància amb
la predicció del SM. D’altra banda, el g − 2 del muó presenta una anomalia
que s’ha mantes al llarg del temps i de les noves mesures experimentals. A
més, durant l’escriptura d’aquesta tesi, la colůlaboració Muó g-2 de Fermilab,
va presentar una nova mesura per al moment magnètic anòmal del muó que
augmenta la tensió en la mesura d’aquest observable.
• Asimetria matèria-antimatèria
L’univers observat està compost gairebé completament de matèria. Aquest
fet no pot ser explicat únicament amb el SM, ja que aquest prediu que en
l’univers primerenc matèria i antimatèria es crearen van haver de crear-se
aproximadament en la mateixa quantitat. A més, tot i que la violació de la
simetria CP podria explicar aquesta asimetria, al SM la simetria CP no es
viola en una quantitat suficientment gran com per a explicar tota l’asimetria.
Per tant, per a explicar aquesta observació, el SM hauria de ser estés.
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• Sector fosc
Gràcies a les mesures cosmològiques sabem que només el 5% del univers
observable està format per matèria regular, és a dir, descrita pel SM (taula
R.1). Per a poder entendre les velocitats dels cúmuls galàctics, al voltant d’un
26% ha de ser matèria fosca. S’anomena fosca perquè es tracta de matèria
que no interacciona electromagnèticament (tampoc fortament). A més, per
a entendre el ritme d’acceleració de l’expansió de l’univers ha d’haver-hi un
69% d’un component desconegut anomenat energia fosca.
D’altra banda, des d’un punt de vista teòric tenim els problemes següents:
• Gravetat
El SM descriu totes les forces fonamentals conegudes excepte la gravetat. Des
d’un punt de vista teòric seria desitjable tindre una teoria capaç de descriure
tota la matèria i les seues interaccions. El SM hauria de ser estés per descriure
la gravetat quàntica.
• El sector de sabor
No hi ha una raó fonamental per la qual existisquen tres, i sol tres, famílies de
fermions. Tampoc no hi ha cap motiu teòric pel qual les matrius de massa per
als quarks i els leptons carregats i la matriu de CKM tinguen una estructura
jeràrquica mentre que la dels neutrins i la matriu PMNS (la matriu de mescla
dels neutrins) no.5
• El problema de la jerarquia
En les extensions del SM poden aparèixer contribucions importants a la
massa del bosó de Higgs com conseqüència de les correccions radiatives, que
són proporcionals a l’escala de nova física. Aquestes correccions haurien de
cancelůlar-se amb el paràmetre de massa del Lagrangià per donar el valor
experimental de 125 GeV, fet que comportaria un ajust molt fi dels paràmetres.
Tradicionalment l’ajust fi s’ha entés com un problema de la teoria.
5Estrictament parlant, el SM no inclou masses i angles de mescla dels neutrins, però aquestes
quantitats s’han mesurat experimentalment i no tenen una estructura anàloga al sector dels quarks.
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(a) Patró de la matriu CKM (b) Patró de la matriu PMNS
Figure 1.6: Patrons jeràrquics mesurats de les matrius CKM (9.11a) i PMNS (9.11b).
Els elements més clars indiquen que estan més suprimits en comparació amb els més
foscos. Figura de [63].
• Problema de la fase forta de CP
El Lagrangià de les interaccions fortes permet la violació de la simetria CP.
Aquesta violació ajudaria a solucionar el problema de l’asimetria matèria-
antimatèria. Experimentalment s’observa que d’haver-hi violació en la part
forta del SM, aquesta seria molt menuda. No hi ha una explicació teòrica en
el SM per la qual això haja de ser així.
• Gran Unificació
Els acoblaments de les interaccions varien amb l’escala d’energia a les quals són
mesurats. En el SM, els acoblaments de les forces forta, feble i electromagnètica
són aproximadament iguals a escales d’energia molt altes. Aquest fet podria
assenyalar cap a un mecanisme més general en què aquestes forces s’unifiquen
en una sola, com passa amb l’electromagnetisme i la força feble. Els models
que intenten explicar aquest fet són coneguts com a Teories de Gran Unificació.
Una vegada que s’ha descobert el bosó de Higgs, no hi ha cap raó perquè hi haja
únicament un doblet de SU(2)L, llevat el principi de minimalisme. La presència de
doblets extra augmenta les possibilitats del sector de sabor i per tant s’han abordat
estudis de sabor amb models que contenen diversos Higgs, així com la corresponent
fenomenologia associada a tots els sectors. Això inclou, per descomptat, violació de
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la simetria CP i les possibles implicacions per a l’asimetria bariònica de l’univers
(BAU). En particular, aquesta tesi se centra en els 2HDM per intentar explicar
alguns dels problemes anteriors. Aquests models es discuteixen en detall en els
capítols 2, 3, 4, 5 i 6 i es resumeixen en la secció 9.3, on es presenta la metodologia
utilitzada en la tesi. També s’han abordat algunes de les qüestions experimentals
resumides en aquesta secció. En particular, en el capítol 9 es presenten els resultats
d’un model que és capaç d’explicar simultàniament les anomalies experimentals
del (g-2) del muó i de l’electró.
Metodología
Com s’ha comentat anteriorment, no hi ha cap raó teòrica que restringisca el
sector escalar a un únic doblet de Higgs. De fet, l’extensió d’aquest sector inclou
característiques com ara nous termes de violació de CP que podrien explicar alguns
dels problemes observats en el SM. A més, el sector escalar de certs models com
els models supersimètrics contenen sectors escalars més complexos que el SM. És a
dir, l’estudi de models com el 2HDM no només té interés en si mateix, sinó que pot
servir com un estudi parcial d’uns altres models més complexos que el contenen.
En els models 2HDM tenim dos doblets escalars de SU(2)L, és a dir, quatre
nous camps reals. Això es tradueix, després de la ruptura espontània de la simetria
que atorga masses als bosons gauge, en un total de cinc camps físics, quatre més
que el SM. D’aquestes quatre noves partícules dos són neutres (una parella i l’altra
senar sota transformacions de CP) i dos són carregades. Apareixen també nous
termes al Lagrangià de Yukawa associat al nou doblet. En general les noves matrius
de Yukawa i les del SM no tenen per què ser diagonalitzables simultàniament.
Aquest fet introdueix corrents neutres amb canvi de sabor (FCNC), és a dir,
acoblaments de fermions amb diferent sabor però igual càrrega a través d’un
Higgs neutre. Això és, potencialment, un problema, ja que experimentalment
les FCNC estan molt restringides.
En la literatura es recullen dos mecanismes mitjançant els quals evitar que
aquests models siguen descartats experimentalment per produir FCNC massa grans.
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El primer és conegut com a conservació natural del sabor i en ells les FCNC
s’anulůlen com en el SM. Entre els models amb NFC es troben els 2HDM de tipus
I, II, X i Y, generats mitjançant una simetria Z2. En aquests models, els fermions
d’una certa càrrega, s’acoblen només a un dels dos doblets, fet que evita l’existència
de FCNC. Un altre model similar a aquests i també àmpliament estudiat en la
literatura és el 2HDM alineat, en el qual les matrius de Yukawa són proporcionals
entre elles. Aquesta condició s’aplica a certa escala d’energia, però no es compleix a
altres escales, on apareixen FCNC. Això passa perquè aquest model no es genera per
cap simetria. Tots aquests models s’expliquen amb detall en la secció 2.4. L’altra
opció per tal de tindre models fenomenológicament segurs és, en comptes de suprimir
les FCNC, restringir-les. Dins d’aquesta categoria es troben els models de violació
mínima del sabor (MFV). En aquests models, els acoblaments que violen sabor
són proporcionals a elements de la matriu CKM. Els models BGL utilitzen aquest
mecanisme i, a més, només presenten FCNC en el sector dels quarks dalt o baix, però
no en els dos simultàniament. Els 6 models (36 si s’estenen al sector leptònic) són
generats mitjançant una simetria U(1). Aquests models es presenten a la secció 2.5.
En relació amb els models NFC, en el capítol 3 es presenta un estudi sobre
l’estabilitat de les condicions que han de satisfer les matrius de Yukawa perquè
siguen diagonalitzables simultàniament sota les equacions del grup de renormalització
(RGE). Aquesta condició és més general que la dels models alineats, on sabem que
les FCNC apareixen si ens trobem a una escala diferent a l’escala en la qual s’imposa
la condició d’alineament. Estudiant l’evolució de la condició imposada es recuperen
els models NFC i s’obtenen alguns resultats interessants, com un model amb una
matriu CKM amb la forma de la matriu de Cabibbo. A més, ressaltem que en el
sector leptònic, amb neutrins sense massa, una matriu N` (veure eq. (2.29)) diagonal
i arbitrària conserva sabor independentment de l’escala. Aquesta qualitat ha estat
utilitzada en una anàlisi que es presenta posteriorment, ja que aquests models
permeten explicar simultàniament les anomalies del (g-2) de l’electró i del muó.
D’altra banda, en el capítol 4 es presenta una generalització dels models BGL.
En aquests models, es restringeix la simetria contínua U(1) que dona lloc als models
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BGL a una simetria discreta Z2. Mitjançant aquest canvi, no només s’obtenen tots
els models BGL sinó que s’obté un espectre continu de models en els quals es tenen
FCNC controlades tant en el sector dels quarks dalt com en el dels quarks baix. A
més, aquests models introdueixen noves fonts de violació de CP que augmenten
significativament la generació d’asimetria bariònica de l’univers respecte al SM.
Si u assumeix que la violació de CP sorgeix d’acoblaments de Yukawa complexos
als dos sectors: quarks i de leptons, la connexió entre les fases CKM i PMNS no és
possible en general, ja que els acoblaments Yukawa dels dos sectors tenen estructures
de sabor independents. No obstant això, en el capítol 5 es demostra que en certs
casos i generant la violació de CP a través de la fase complexa de l’buit, la connexió
és possible. En particular, es presenta un model a partir de la mateixa simetria Z2
que dona lloc als models gBGL que és capaç de generar aquesta connexió.
Inspirats per la parametrització de les matrius Nf en els models gBGL (vegeu
eqs. (4.40)–(4.43)), en el capítol 6 es presenta un estudi de models 2HDM amb
simetries abelianes i que es poden parametritzar de manera similar al gBGL.
Aquestes condicions condueixen a una reducció notable en el nombre de paràmetres
respecte al model general.
Finalment, en el capítol 7 es descriuen les dades experimentals utilitzades i
la forma d’ajustar els nostres models a elles. En particular, s’explora l’espai de
paràmetres emprant una cadena de Markov mitjançant tècniques Monte Carlo. Per







per a cada observable O, on OExp
és el valor de la mesura experimental amb una incertesa σExp y OTh la predicció
teòrica del model en qüestió. Finalment es presenten les regions paramètriques
permeses a diferents intervals de confiança.
Resultats i Conclusions
Al llarg de la tesi s’han presentat diferents resultats associats als models estudiats,
i que han estat resumits en la secció anterior. Molts dels models presentats en
aquesta tesi poden considerar-se com un resultat per si mateix, però en aquesta
secció ens centrem en els resultats fenomenològics.
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BAU als models gBGL
Un dels primers a destacar s’inclou en el capítol 4. Els models gBGL inclouen noves
fonts de violació de sabor i de CP, la qual cosa pot augmentar la contribució a
l’asimetria bariònica de l’Univers (BAU) respecte al SM. El primer invariant WB
amb part imaginària no nulůla apareix a ordre 4 en els gBGL
Im (Tr{N0dM
0†
d M0uM0†u }) , (4.74)
el que produeix un augment respecte al SM
BAUgBGL
BAUSM















∼ 1016(tβ + t−1β ) ∣n̂[d]3n̂∗[d]2∣ sinα . (4.84)
Per tant aquests models prodrien donar solució a un dels problemes del SM.
Fenomenologia dels gFC
El capítol 8 conté una anàlisi fenomenològic general de models GFC és a dir, models
































amb nj ∈ C. Es posa especial atenció en els observables que involucren el menor
nombre de nous paràmetres (respecte al SM) i els que proveeixen restriccions directes
de les mesures existents. S’imposa que els acoblaments nj romanguen pertorbatius,
així com les restriccions provinents de la producció i desintegració del Higgs i les
provinents dels moments dipolars elèctrics.
En les figures 8.3 i 8.4 es presenten els resultats obtinguts. En particular, en la
8.3 es representen les regions permeses s a 68, 95 y 99% de valor de confiança (CL)
per als acoblaments ∣nf ∣ en funció de cαβ. En aquestes figures cal destacar:
• Com era desperar, per a cαβ ∈ 0, desapareixen les restriccions a nf .







































































































































Figure 8.3: ∣nf ∣ vs. cαβ per als diferents fermions f ; les regions més fosques a les més
clares corresponen a 68, 95 and 99% CL.
• Per a quarks u, c, d i s, les regions permeses són gairebé idèntiques, com es
podria anticipar pel seu paper irrellevant, al SM, en la producció disponible ×
decaïment del Higgs. Els nf corresponents semblen estar eficaçment limitats
per les contribucions a l’amplada de Higgs.
• Sorprenentment, ∣nt∣ sembla ser independent de cαβ.
• Els casos de nb i nτ també són similars, amb regions permeses diferents dels
casos de u, c, d, s per ∣nq ∣ és inferior a 10-15 GeV i cαβ no menuts.












































































































Figure 8.4: Regions permesa a un 99% CL en els acopamientros escalars vs. pseu-
doescalars per als diferents fermions f amb Lhf̄f = −hv f̄(āf + ib̄f γ5)f .
• Per a ne i nµ, les regions permeses estan molt més restringides a causa dels
límits establerts per pp→ h → e+e−, µ+µ− anàlisis com ara [266, 267].
Tot i que la figura 8.3 mostra límits absoluts a ∣nf ∣, no proporciona informació
sobre arg(nf) i no es pot llegir directament en termes dels acoblaments escalar i
pseudosscalar de h a eqs. (7.9)–(7.10). Tenint en compte això, la figura 8.4 mostra b̄f
vs āf . A més, per mantenir informació sobre cαβ, es mostren les regions corresponents
a ∣cαβ ∣ < 0.01, a 0.01 < ∣cαβ ∣ < 0.1 i a 0.1 < ∣cαβ ∣ permeses. Es pot notar això
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• per a la primera i segona generació de fermions, no hi ha dependència en
arg(nf), ja que només les desintegracions proporcionals a ∣āf ∣2 + ∣̄bf ∣
2, són
rellevants. Per als quarks, la regió permesa per ∣cαβ ∣ < 0.01 és més menuda:
això es deu simplement al requisit de pertorbativitat de eq. (8.1).
• Per al quark t, es permeten dues regions separades: això també s’espera ja
que canvis de signes tant a āt com a b̄t (juntament amb els canvis de signes a
cαβ, sαβ) no alteren les prediccions. Per a ∣cαβ ∣ < 0.01, les regions permeses es
redueixen i es situen al voltant de (āt, b̄t) = (±mt,0); amb 0.01 < ∣cαβ ∣ < 0.1 la
seua mida augmenta i només per ∣cαβ ∣ > 0.1 la interacció de (i) contribucions
pseudoscalars a gg → h i h → γγ i (ii) la interferència W -cima (escalar) en
h → γγ dona lloc a regions més grans.
• Per b i τ , les regions per a mescles no massa menudes, ∣cαβ ∣ > 0.01, tenen
forma d’anell; mb i mτ estableixen els radis d’aquestes regions, com es podia
esperar de la restricció imposada per h → bb̄ i h → τ τ̄ . Per a mescles xicotetes,
∣cαβ ∣ < 0.01, el requisit de pertorbativitat de ∣nb∣, Absnτ limita la separació
respecte de (āf , b̄f) = (±mf ,0), donant de fet, per al cas b, dues regions
disjuntes.
Solució del (g-2) del muó i l’electró
En el capítol 9 es proposa una explicació simultània de les anomalies experimentals
observades en els moments anòmals magnètics de l’electró i del muó. S’ha observat











µ = (2.7 ± 0.9) × 10−9 . (1.76)
Cal destacar que aquestes anomalies tenen sentits oposats. Aquest fet fa que
una gran majoria de models de nova física siguen descartats com solució de les dues
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anomalies alhora. En particular, en molts models l’anomalia escala amb el quadrat
de la massa del leptó, el que genera un δae massa gran i amb el signe equivocat.
Alguns autors [269] defensen que si l’origen de les dues anomalies es pot explicar
amb física més enllà del SM, el model corresponent ha d’incorporar algun tipus de
desacoblament efectiu entre µ i e. Això no passa en la majoria dels models de dos
doblets de Higgs, ja que els acoblaments Yukawa solen ser proporcionals a la massa.
No obstant això, en el capítol 3 es presenta un dels resultats obtinguts en
aquesta tesi que compleix la condició anterior. Al sector leptònic la matriu N` =
diag(ne, nµ, nτ) (amb ni quantitats arbitraris ) és estable sota les equacions de grup
de renormalització. És a dir, no només es conserva sabor en corrents neutres a
l’escala de la condició sinó a totes les escales. Com que els factors ni són arbitràris en
aquests models sense FCNC, tenim el desacoblament entre el muó i l’electró necessari
per a ajustar les dues anomalies. En resum, un model en el qual el sector dels quark
és Tipus I o II i el leptònic és gFC és estable sota RGE i els anomenarem I- i II-g`FC.
Hi ha dos tipus de solucions que reprodueixen completament tant les dues
anomalies com les dades experimentals de LEP i LHC, la universalitat de sabor



























Figure 9.3: Re (nµ) vs. Re (ne).
En una de les dues solucions (solució A), tots els nous escalars tenen masses en
el rang 1–2.5 TeV, els valors esperats del buit (VEVs) són bastant similars (tβ ≈ 1)
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i les dues anomalies estan dominades per la contribució del diagrama Barr-Zee a
dos llaços. Aquesta solució apareix en els dos models, I- i II-g`FC.
A la segona solució (solució B) el diagrama que contribueix principalment en
l’anomalia del muó és a un llaç. Els nous escalars són lleugers, amb masses menors
que 1 TeV i els VEVs són molt diferents (el quocient, tβ està en el rang 10-100).
Entre els nous escalars, el neutre i parell sota CP, H, és el més lleuger, amb una
massa en la franja 210-390 GeV, mentre que el pseudoescalar, A, és més pesat amb
una massa en el rang 400-900 GeV. L’escalar carregat està gairebé degenerat en
massa amb el pseudoescalar. Aquesta solució només està present en el model I-g`FC.
Les dues solucions requereixen un trencament suau de la simetria Z2 del potencial
de Higgs juntament amb valors per als acoblaments Yukawa d’entre 1 i 100 GeV.
Aquests resultats en la solució d’escalars lleugers impliquen que hauria de ser més
fàcil trobar els ecalares carregats i neutres en un canal de desintegració muònic a
les cerques directes del LHC. Per contra, canals més pesats com els que involucren




























































































Figure 9.5: Sector Escalar
–I wonder if people will ever say, "Let’s hear about
Frodo and the Ring,"and they’ll say, "Yes, that’s one
of my favorite stories. Frodo was really courageous,
wasn’t he, Dad?" "Yes, my boy, the most famousest
of hobbits. And that’s saying a lot."– SAM
–You left out one of the chief characters: SAMwise
the Brave. I want to hear more about SAM. Frodo
wouldn’t have got far without SAM.– Frodo
— SAMwise Gamgee and Frodo Baggins
The Lord of the Rings, J. R. R. Tolkien
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The analysis of the RGE of the quark Yukawa couplings and the stability of the gFC
scenario in eq. (3.4) has been presented in detail for the set {Yd,αY †d,β} in section
3.2.1 and 3.2.2. We reproduce in this appendix the equations relevant for {Yd,αY †d,β}




u,αYu,β}, omitted for conciseness in section
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− 2 (tuh,qtu∗i,qtdh,btd∗j,b + tuj,qtu∗h,qtdi,atd∗h,a) (tdk,btd∗l,b − tdk,atd∗l,a)
+ 2 (tuh,qtu∗k,qtdh,btd∗l,b + tul,qtu∗h,qtdk,atd∗h,a) (tdi,btd∗j,b − tdi,atd∗j,a)}.
































































− 2 (tdh,qtd∗i,qtuh,btu∗j,b + tdj,qtd∗h,qtui,atu∗h,a) (tuk,btu∗l,b − tuk,atu∗l,a)







































l,b − 2tdk,qtd∗h,qtu∗h,atul,b − 2tdh,qtd∗l,qtu∗k,atuh,b)}.
(A.16)
For diagonal elements, a = b, the right-hand sides of eqs. (A.13)–(A.16) are identically
zero. For i = j and k = l, by construction, we have in addition {qX}ba = −{qX}∗ab
(q = u, d, X = L,R). For illustration, we show in the following eqs. (A.13)–(A.16)
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Necessary and Suficient conditions for
gBGL models
We complete in this appendix the proof of the sufficient conditions in the following
general result: the WB invariant matrix conditions
Y †d,2Yd,1 = 0, Y
†
d,2Yu,1 = 0,
Y †u,2Yu,1 = 0, Y
†
u,2Yd,1 = 0, (4.10)
are the necessary and sufficient conditions to define gBGL models or a type I 2HDM1,
provided there are no massless quarks.
It is always possible, in general, to write
Yd,i =Wdi Ddi U
†
di




where Wdi , Wui , Udi and Uui are unitary matrices, and Ddi and Dui are diagonal




u,2] = 0 and thus
one can choose
Wu1 =Wu2 =Wu , (B.2)
1Since we are not specifying the leptonic sector, with type I we also refer to type X 2HDM.
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d,2] = 0 and therefore we
can also choose
Wd1 =Wd2 =Wd . (B.3)
Now, in Y †u,2Yu,1 = 0, Wu simplifies away and we have
D†u2 Du1 = 0 , (B.4)
and similarly, for Y †d,2Yd,1 = 0,
D†d2 Dd1 = 0 . (B.5)
If there are no massless quarks, there are two kinds of solutions for eq. (B.4),






















with ui ≠ 0 in order to have massive up quarks. Notice that interchanging























with ui ≠ 0 again. As above, exchanging Du1 ⇆Du2 does not introduce new
models. We should also take into account the possibility that u1 ≠ 0 is in a
different position in the diagonal of Du1 while respecting D
†
u2Du1 = 0, which
is ensured with a corresponding permutation of the diagonal elements of Du2 .
























with di ≠ 0. Notice that eq. (B.6) together with eq. (B.8) with interchanged
Dd1 ⇆Dd2 do not match in order to be a solution of eqs. (4.10).
B. Necessary and Suficient conditions for gBGL models 213
(b) Second, Dd1 and Du1 have equal rank, and we could consider in general






















Then, of course, the rank of Dd2 is equal to the rank of Du2 .
(c) Third, Dd1 and Du1 have different rank (and therefore Dd2 and Du2 also have






















We have to explore now which solutions to eqs. (4.10) arise from the available
possibilities in eqs. (B.6)–(B.7) and eqs. (B.8)–(B.10).
• Dd1 = 0 if and only if Du1 = 0, which corresponds to a type I or X 2HDM.
The proof is simple: if Dd1 = 0, Dd2 has rank 3, and thus Yd,2 has rank 3.
Since Y †d,2Yu,1 = 0, all column vectors of Yu,1 are in the null-space of Y
†
d,2 (they
are all non-zero vectors transformed into the zero or null vector), but since
rank(Y †d,2) = 3, according to the rank-nullity theorem, the null-space of Y
†
d,2
has dimension 3− 3 = 0, and thus Yu,1 = 0, that is Du1 = 0. eqs. (4.10) are then
trivially verified. Of course, there is also the solution Dd2 =Du2 = 0, which is
completely equivalent with a trivial relabelling of the scalar doublets Φ1 ⇆ Φ2.
• Next we show that concerning eq. (B.7) and eqs. (B.9)–(B.10), the ranks of
the Yukawa matrices should match in the following manner: rank(Dd1) =
rank(Du1) and rank(Dd2) = rank(Du2). Consider for definiteness Du1 and
Du2 as in eq. (B.7). First, since Y
†
u,2Yd,1 = 0 and Y
†
d,2Yu,1 = 0, with W =W
†
uWd,
D†u2 W Dd1 = 0, D
†
d2
W †Du1 = 0 . (B.11)
D†u2W has rank 2, and thus its null-space has dimension 1; according to
the first equation above, if Dd1 had rank 2, then the null-space of D
†
u2W
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would have at least dimension 2 in contradiction with the first statement:
consequently, the rank of Dd1 has to be 1. Then rank(Dd1) = rank(Du1) = 1
and rank(Dd2) = rank(Du2) = 2. That is, the matrices in eq. (B.9) match
the ones in eq. (B.7) for solutions of eqs. (4.10) while eqs. (B.9) and (B.7) do
not match. Finally, relabelling of scalar doublets Φ1 ⇆ Φ2 gives equivalent
solutions with rank(Dd1) = rank(Du1) = 2 and rank(Dd2) = rank(Du2) = 1.





























































d , one can redefine W ′d =
WdP12 and U ′d = UdP12, while P12 in P12Ddi P12 permutes the first and second
elements in the diagonal. This would bring, for example, eq. (B.9) to the
desired form, matching with eq. (B.7).











= 0 , (B.14)











= 0 , (B.15)
we have W21 =W31 = 0. Then W has the block structure
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With a WB transformation given by QL ↦WuQL we arrive to the equivalent
gBGL structures in eqs. (4.5).
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CKM and PMNS fits






−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23





where rephasings allow to reduce the parameter ranges to θij ∈ [0;π/2] and δ ∈ [0; 2π[.
For CKM we use the values [20]
sin θq12 = 0.2265 ± 0.0005 , sin θ
q
13 = (3.61 ± 0.10) × 10−3 ,
sin θq23 = (4.05 ± 0.07) × 10−2 , δq = (66.9 ± 2.0)○ .
(C.2)
For the PMNS matrix, we use
sin2 θ`12 = 0.32+0.020−0.016 , sin2 θ`13 = (2.16+0.063−0.066) × 10−2 , sin2 θ`23 = 0.547+0.020−0.030 . (C.3)
Although results corresponding to normal ordering and inverted ordering of neutrino
masses differ slightly, and results quoted by several groups differ too [20, 198, 199],
these differences are unsubstantial for the scope of this work.
To illustrate how one fits the CKM and PMNS matrices, in the models under
consideration, to the experimental information condensed in eqs. (C.2) and (C.3),
let us consider the CKM case. In terms of the parameters of the particular model
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under consideration, a CKM matrix V is computed. Then, one computes (for




















∣V12V13V23∣ (1 − ∣V13∣
2
)
+ ∣V12V13V23∣) . (C.5)
These are the values, obtained in a rephasing invariant manner, to be compared
with eq. (C.2) (in the actual fit, this comparison gives the usual likelihood function
of the model parameters, which is maximized). For the PMNS matrix, we follow
the same procedure with the values in eq. (C.3), and include no constraint on the
phase δ`, as discussed in section 5.5.
It is to be mentioned that while the PDG parametrization of CKM and PMNS
is such that one can reduce the ranges of θij to [0;π/2] (while δ ∈ [0; 2π[) through
rephasings, in our case the ranges of the parameters pf1 , p
f
2 in the different orthogonal
matrices OfL entering CKM and PMNS, require some care since they cannot be
completely reduced to those ranges (the form of V and U in eqs. (5.13), (5.23)-(5.26),
is different from eq. (C.1)).
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jBGL
D.1 Details on model identification
D.1.1 Rows and columns
Recall the arguments in sections 6.2.2 and 6.3.2. Consider the Left condition











and eq. (2.29) for M0q and N0q (q = d, u) expressed in terms of the Yukawa matrices
Yd,1, Yd,2 and Yu,1, Yu,2, respectively for q = d and q = u. If there were non-zero
elements (Yd,1)ia ≠ 0 and (Yd,2)ib ≠ 0 (or (Yu,1)ia ≠ 0 and (Yu,2)ib ≠ 0 ) in the same
row i of both Yukawa matrices, it would follow that
(N0q)ia = `i (M
0
q)ia ⇒ `i = tβ and (N
0
q)ib = `i (M
0
q)ib ⇒ `i = −t
−1
β , (D.2)
which is not possible. That is, the rows of the M0d and N0d matrices (M0u and N0u
matrices) come either from Yd,1 or from Yd,2 (from Yu,1 or from Yu,2), never from
both. In other words, each doublet Q0Li couples to one and only one doublet Φj.
For the Right condition
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it follows similarly that each singlet d0Ri, u0Rj, couples to one and only one doublet
Φk. However, contrary to Left conditions, this holds separately for the up and
down sectors. Notice, finally, that the only values that the parameters `j and rj
can take, following eq. (D.2) are either tβ or −t−1β .
D.1.2 Models
The models discussed in sections 6.2 and 6.3 are representative examples within
each class. In the following we briefly comment on some other details on these
classes of models.
Starting with the BGL models of subsection 6.2.3, it is to be noticed that in eq. (6.19)
one singles out both the third generation and the down quarks. This leads to a
model, the “bottom” BGL model, where tree level FCNC are absent in the down
sector and are controlled by products of CKM elements VibV ∗jb in the up sector.
By choosing for example the second generation, the “strange” BGL model, one
obtains again tree level FCNC in the up sector but controlled by VisV ∗js instead.
Furthermore, if instead of the down sector one chooses the up sector, that is
Φ2 ↦ eiθΦ2, Q0L3 ↦ eiθQ0L3, u0R3 ↦ ei2θu0R3, θ ≠ 0, π , (D.4)
instead of eq. (6.19), one obtains the “top” BGL model, with no tree level FCNC in
the up sector and FCNC controlled by VtiV ∗tj in the down sector. Overall, considering
the quark sector alone, there are 6 BGL models, one per quark type.
For all the remaining models, shaped by either Left or Right conditions, the
situation is different. Consider for example the generalised BGL model given by
eq. (6.26). The transformation singles out the third generation with Q0L3 ↦ −Q0L3.
The only trace of that election in eq. (6.32) is the fact that the unitary vector n̂
[q]
is given by the third row of the unitary matrix UqL . However, if we start with
Q0L2 ↦ −Q
0
L2 instead, the form of Nd and Nu remains exactly the same, but with
a different interpretation of n̂
[q] (the second row of UqL in that case). With n̂[q]
free to vary – either q = d or q = u, the other fixed via CKM, eq. (6.33) –, it is
clear that the generic parametrization in terms of n̂
[q] covers simultaneously all
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three initial possibilities Q0Lj ↦ −Q0Lj, j = 1,2,3. This consideration concerning the
generalised BGL model is applicable to the remaining cases: the parametrisation of
the Nd and Nu matrices involving unitary vectors n̂[q] or r̂[q] encompasses all initial
symmetry assignments. It is to be noticed of course, that despite this fact, the
models discussed in different classes are distinct: for example the jBGL model in
eq. (6.37) cannot be obtained from the gBGL model in eq. (6.32) with some election
of n̂
[q]; they have a different dependence on tβ. The same kind of distinction applies
to eq. (6.49) versus eq. (6.53) and to eq. (6.72) versus eq. (6.76).
D.1.3 Identifying Φ1 and model discrimination
In the most general 2HDM there is nothing to disentangle Φ1 from Φ2. Indeed, one
can mix them through a unitary transformation without any physical consequence.
The situation changes once one introduces a symmetry through some specific
form. We start by noticing that the form of the Abelian symmetry chosen in
eq. (6.1) already singles out Φ1; it is the field which remains invariant under the
symmetry. Given any generic Abelian symmetry, this choice can always be made
by an appropriate basis transformation in the space of scalar doublets. Before
that choice is made, the sub-indices k = 1,2 in Φk (and, thus, in Yd,k, Yu,k, and
the vevs vk) are just unphysical labels. One should notice that models are not yet
unequivocally defined, even after the basis choice is made such that the Abelian
symmetry is expressed as Φ1 ↦ Φ1. This is most easily seen in the simple context
of the Z2 Natural Flavor Conservation models of Glashow-Weinberg [112]. In
that context, after a scalar basis choice is made such that the scalars transform
as Φ1 ↦ Φ1 and Φ2 ↦ −Φ2, one can still choose for the right handed quarks the
transformations (the same for all quarks of a given charge)
dR ↦ dR , uR ↦ uR , (D.5)
dR ↦ −dR , uR ↦ −uR , (D.6)
dR ↦ dR , uR ↦ −uR , (D.7)
dR ↦ −dR , uR ↦ uR . (D.8)
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In the first two equations, the up and down quarks couple to the same field (be it
Φ1 or Φ2; it does not matter). This is known as Type I. In the last two equations,
the up and down quarks couple to the different fields; which is known as Type II.
Denoting a field by Φ1 or Φ2 has no physical meaning. The most direct counting
can be obtained by choosing (say) Φ2 as the field which couples to the up quarks.
This is what attributes physical meaning to the labels 1 and 2. With this choice,
the sub-indices of the Yukawa matrices (Yd,k and Yu,k) acquire physical meaning.
The same happens with the vevs vk [322]. Subsequent changes in the basis for
fermions will alter the form of the Yukawa matrices, but not their rank.
A similar analysis can be made for the models discussed in chapter 6, except that
here the right handed up quarks do not couple all to the same doublet. However,
as can be seen from the form of the matrices shown, rank (Yd,1) + rank (Yd,2) = 3
and rank (Yu,1) + rank (Yu,2) = 3. As a result, one can define physically the label in
Φ1 as the scalar which couples to most of the up quarks. All subsequent choices
are physically meaningful. Alternatively, one can define Φ1 as the field which
obeys Φ1 → Φ1 under the Abelian symmetry, at the price of an apparent but
illusory doubling of the number of model types. This is shown explicitly for the
Right models in Table D.1 1.
XXXXXXXXXXXXrank Yd,k
rank Yu,k 3,0 0,3 2,1 1,2
3,0 Type I Type II Type A Type B
0,3 Type II Type I Type B Type A
2,1 Type C Type D Type E Type F
1,2 Type D Type C Type F Type E
Table D.1: Identification of the Right models (and the usual Type I and Type II),
in terms of the ranks of the Yukawa matrices, in the order Yu,1, Yu,2 (in columns), and
Yd,1, Yd,2 (in rows).
In this analysis, we have used the fact that, if for example Yu,1 has two columns
and Yu,2 the third, it is immaterial their placement and, moreover, their placement
1Due to eq. (D.2), the change 1↔ 2 implies a change tβ ↔ −t−1β in the parametrization of the
Nq matrices. Thus, models which could seem to differ by such a change, do in fact correspond to
the same model.
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with respect to the placement of the columns which appear in Yd,1 and Yd,2. To be
specific, let us consider the Type A matrices of eq. (6.44), where we have chosen
Yu,1 to have the first two columns and Yu,2 the last, while Yd,1 has all columns.
We could have chosen Yu,1 to have the first and last column, with Yu,2 having the
second column. The different permutations refer only to the labels in the space
of right handed up quarks (which is completely detached from the space of right
handed down quarks). Such choices are indistinguishable.
The situation is easier for Left models, because left up quark and left down quark
fields belong to the same doublet, leading to the restriction in eq. (6.33). Hence, as
seen in section 6.2, the possible ranks of (Yd,1, Yd,2) are only (1, 2) and (2, 1). Thus,
instead of Table D.1 one obtains the much simpler Table D.2. We are now ready to
XXXXXXXXXXXXrank Yd,k
rank Yu,k 2,1 1,2
2,1 gBGL jBGL
1,2 jBGL gBGL
Table D.2: Identification of the Left models in terms of the ranks of the Yukawa matrices,
in the order Yu,1, Yu,2 (in columns), and Yd,1, Yd,2 (in rows).
develop basis invariant conditions for the determination of the various models.
D.1.4 Invariant conditions
Here, we present conditions for the identification of the various types of models
discussed in this article, which are invariant under basis transformations in the
spaces of left-handed doublets and of up-type and down-type right-handed singlets.
For BGL and generalised BGL models, the following matrix conditions hold [1]:
BGL models: Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0,
and Yd,1Y †d,2 = 0 (dBGL) or Yu,1Y
†
u,2 = 0 (uBGL),
gBGL models: Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0. (D.9)
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Their importance resides in the fact that, under a weak basis transformation
(WBT) of the fermion fields
QL ↦WLQL, dR ↦WdR dR, uR ↦WuR uR, WL,WdR ,WuR ∈ U(3), (D.10)
the Yukawa coupling matrices are transformed as
Yd,i ↦W
†
L Yd,iWdR , Yu,i ↦W
†
L Yu,iWuR , (D.11)
and, although the WBT in eqs. (D.10)–(D.11) may hide the symmetry under the
Abelian transformations in eq. (6.1), the conditions in eqs. (D.9) are in any case
invariant. In general, the different combinations of Yd,i, Yu,j, which are invariant
under some of the WBT are the following.















d,iYu,j WuR , (D.12)



















Considering in addition the Left and Right conditions of eqs. (6.2) and (6.5),
respectively, we can straightforwardly obtain invariant conditions. This is what
we turn to next.
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Left conditions
























cβ(−tβ1 + L0u)M0u, (D.15)
where we have used equations (2.29) Then,
Y †d,1Yd,2 = −sβcβe
iξ 2
v2
M0†d (t−1β 1 + L0d)(−tβ1 + L0d)M0d , (D.16)
where










j − tβ)Pj = 0 (D.17)
since `[d]j is equal either to −t−1β or to tβ, thus giving Y
†
d,1Yd,2 = 0. For the up Yukawa
matrices, the conclusion is identical, and thus the conditions in eqs. (D.12) involving
separately the up and down quark sectors are trivially
Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0 . (D.18)
For the conditions involving Yukawa matrices from both sectors, proceeding along








































































j − tβ)PRj]M0u, (D.19)
and one can readily obtain the additional conditions
BGL and gBGL models: Y †d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0,
jBGL models: Y †d,1Yu,1 = 0, Y
†
d,2Yu,2 = 0. (D.20)
The remaining matrix products, including Yd,1Y †d,2, Yu,1Y
†
u,2, are different from 0
and do not give invariant conditions like eqs. (D.18) and (D.20).
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Right conditions
For models with Right conditions, the analog of eq. (D.18) is simply
Yd,1Y
†
d,2 = 0, Yu,1Y
†
u,2 = 0 . (D.21)
One could naively think that conditions such as Yd,2Y †u,1 could be used to distinguish
among different models. But, such conditions cannot be used, for they are not
covariant under WBT. Fortunately, the different Right models can be distinguished
in a basis invariant way by the rank of the Yd,1 and Yu,1 matrices.
Summary
We summarize in Table D.3 the invariant conditions associated with all models
discussed in this article.
Model Invariant Conditions
dBGL Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0, Yd,1Y
†
d,2 = 0
uBGL Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0, Yu,1Y
†
u,2 = 0
gBGL Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,2 = 0, Y
†
d,2Yu,1 = 0
jBGL Y †d,1Yd,2 = 0, Y
†
u,1Yu,2 = 0, Y
†
d,1Yu,1 = 0, Y
†
d,2Yu,2 = 0
Type A Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 3, rank(Yu,1) = 2
Type B Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 3, rank(Yu,1) = 1
Type C Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 2, rank(Yu,1) = 3
Type D Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 2, rank(Yu,1) = 0
Type E Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 2, rank(Yu,1) = 2
Type F Yd,1Y †d,2 = 0, Yu,1Y
†
u,2 = 0, rank(Yd,1) = 2, rank(Yu,1) = 1
Table D.3: Summary of invariant conditions.
E
Contributions to (g − 2)`
E.1 One loop contributions




S ¯̀(aS` + ibS` γ5)` , (E.1)









2 (2I2(x`S) − I3(x)) − [bS` ]2I3(x`S)} , (E.2)
with x`S ≡ m2`/m2S and

































For x ≪ 1,
I2(x) ≃ x(−
3
2 − lnx) + x
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6 − lnx) + x
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89
12 − 5 lnx) +O(x
3), (E.6)
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Yukawa interactions (of charged scalars C±) of the form
LC`ν = −C
− ¯̀(aC` + ibC` γ5)ν −C+ν̄(aC∗` + ibC∗` γ5)` , (E.8)








} H(x`C) , (E.9)









ln(1 − x) , H(x) ≃ x6 +
x2
12 +O(x
3) for x≪ 1. (E.10)
E.2 Two loop contributions






f γ5)f , (E.11)
give the following type of two loop Barr-Zee contributions to the anomalous




















f g(zfS)} . (E.12)
The sum over fermions f corresponds to the different fermions appearing in the
closed fermion loop (with N fc the number of colors of f and Qf its electric charge
and zfS =m2f/m2S), while the sum over scalars S corresponds to the different neutral
scalars connecting the closed fermion loop with the external lepton line, as Figure







1 − 2x(1 − x)















For other 2 loop contributions see [296].






























Figure E.1: Illustrative 1 and 2 loop contributions to δa`.
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